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Abstract
This paper covers an overview of the transition metal dichalcogenides, TMD, class of
materials. Their layered van der Waals chemical structure and unique electrical and optical
properties, such as an indirect in the bulk to direct band gap in the monolayer transition,
has brought research focus to their potential role in nanoelectronics. This paper goes over
general TMD properties then focuses on WSe2 . While TMDs posses useful and promising
characteristics in their pristine state, without precise control over electrical behavior real
world application will never occur. Defect engineering is discussed as a method to tune
TMD properties, specifically the effects of O2 plasma exposure which oxidized the top most
layer of TMD selenides and p-dopes the underlying pristine material.
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Chapter 1
Background
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1.1

Transition Metal Dichacogenides

The discovery of atomically thin graphene in 2004 by Novoselov et. all started the 2D
materials revolution. Before this advancement, it was not known atomically single and fewlayer thick van der Waals (vdW) materials could be produced, processed, and utilized [1] [2].
While graphene does not have a bandgap [1], thus limiting its usefulness in electronic devices,
research into other van der Waals materials, such as boron nitride, oxides, hydroxides,
oxychlorides, and transition metal dichalcogenides (TMDs) began quickly and extensively
[3]. Some of these materials are not electronically useful semiconductors for transistor
applications, because their bandgaps are too small and thus at or near room temperature
valence band electrons can be thermally excited to the conduction band. Thus TMDs, which
have band gaps greater than 1eV, became a main focus of 2D research [3].

1.1.1

Chemical Structure

Initial research reported charge carrier mobilities in TMDs to be quite low [4] and interest
dropped, but in 2011 top gated MoS2 transistors displayed highly favorable mobilities
approaching 60-70 cm2/Vs mobility, with a 108 on/off ratio, and 74mV/dec subthreshold
swing [5]. Many TMDs have a MX2 chemical makeup, where M is a transition metal element,
often Molybdenum and Tungsten, and the X is a chalcogen atom from group 16 on the
periodic table, often Sulfur, Selenium, or Tellurium. A single layer consists of three ordered
planes arranged as X-M-X [6] [3]. The thickness of a TMD monolayer depends on the
specific atoms in the compound but range from 0.6-0.9 nm [7]. The oxidation state of the
transition metal is typically +4 and for the chalcogen -2 [8] resulting in an overall neutral
MX2 monolayer. Intralayer bonding is strong covalent in two polytype crystal structures
illustrated in Figure 1.1, the most common, trigonal prismatic or 2H, and octahedral 1T [9].
When imaged with a scanning transmission electron mictroscope (STEM) like in Figure 1.2
here is a strong contrast difference between the two coordinations due to the direct stacking
of chacogenides in 2H which leaves empty the hexagonal centers while the chacogenide layers
in 1T coordination does not have empty sites. Only weak van der Waals forces keep layers
bound together [8], thus preparation of single layers is relatively easy via exfoliation.
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(a) 2H - Trigonal Prismatic coordination

(b) 1T - Octahedral coordination

Figure 1.1: Chemical structures of TMD layers from source [10].

Figure 1.2: STEM image of each coordination from source [11]

4

Due to the TMD chemical structure, each monolayer has an atomically pristine surface
free of dangling bonds and interface traps [12] which is can be a significant issue for silicon
and other semiconductor based devices [13]. Clean and neutral surfaces on monolayer
TMDs allow for easy vertical scaling in advanced device fabrication and straightforward
electrostatics [12].

1.1.2

Layer Thickness Dependence

Structurally, each layer is identical, but there are significant changes in electrical and optical
behavior as these layers stack due to changes in symmetry and quantum confinement [3]
[12] [14] [15]. There are multiple ways to determine number of layers in a sample, optical
identification has been proven reliable by contrast to the substrate [16] evident in Figure 1.3
taken by the author, atomic force microscopy to determine exact height [17], and Raman
spectroscopy which will be discussed later [15]. Charge carrier mobility, an important
characteristic of electronic devices, is a thickness dependent property [3] [18] [19]. Mobility
decreases as thickness decreases [18] [19] [20] [6] [21] and the experimental reduction of
mobility at the single layer is even higher than theoretically predicted. The theoretical
mobility of single layer MoS2 at room temperature is about 300 to 400 cm2 /Vs which is 5x
higher than what is achieved experimentally [18]. In few layer samples, charge carriers have
access to movement in 3 dimensions and the adverse effect of charged impurities present
at the top and bottom interfaces is damped [3]. These ideas have been supported by
experimental results, where the highest mobility to date has occurred in few layer samples
[12] [3]. Charge mobility sensitivity to thin film interfaces has presented a challenge to
achieve high electrical sensitivity, flicker noise caused by random surface impurities from the
environment can dominate subtle electrical behavior in devices. Research has shown capping
layers can reduce this noise, characterized by the Hooge parameter [22]. Capping is also a
way to control electrical behavior [3]. Significant electrical behavior changes have been shown
in top vs bottom gated thin film devices [23] and in uncovered devices measured in air versus
vacuum [24] [22] [25] [26] [27] [28]. Surface absorbents in air cause charge scattering and can
change the carrier type (for instance p-type doping in oxidized WSe2 ) [24] but this effect can
be reversed in vacuum, unlike in organic semiconductors where the effect is permanent [5].
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Figure 1.3: Optical images and AFM scans of WSe2 from bi-layer to bulk
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Charge mobility has a weak dependence on charge concentration unless in the charged
impurity scattering regime when temperatures drop below 10 K [19].
The most notable and studied thickness dependent effect is the transition from an indirect
band gap in some bulk TMD materials to a direct band gap in their monolayer counterpart,
for example WSe2 in Figure 1.4 [14] [6] [29] [30]. The indirect band gap occurs at the gamma
point while the direct band gap in the monolayer is at the K-point [14] [31] [32] [33] [34]
[30]. The presence of energy-degenerate valleys, at the K-point [35] opens up the potential for
TMD use in valleytronics. Valleytronic devices, like more well known spintronic devices, store
information in addition to the classic Boolean on/off logic [3]. While spintronic devices detect
electron spin, valleytronics differentiate degenerate valleys through valley polarization [35].
Application of this technology in monolayer MoS2 has been shown to be successful through
use of circularly polarized light [36]. There has been research into inducing this bang gap
transition in few layer WSe2 samples through strain [37] which could improve direct band
gap material carrier mobility as well as their optoelectronic properties.

1.1.3

Band Gap Structure

Molybdenum and tungsten based TMDs have been shown to possess indirect band gaps of
about 1.2 eV and direct band gaps at the monolayer reaching 1.9 eV [31]. This indirect-todirect transition enhances photoluminescence efficiencies by a factor of 4x [14] and places
TMD band gaps in the visible light range of electromagnetic radiation energy [3]. This
property is important because a photon of energy equal to or greater than than the materials
band gap will create free carriers or bound excitons, electron hole pairs. Once exposed to an
internal or applied electric field, excitons generate a photocurrent which turns the device on
[3]. When a bandgap is in the visible range, exposure to visible light, or any higher energy
radiation such as ultra-violet, will promote valence band electrons to the conduction band
and thus a conducting state. Conversely, with appropriate contact metals and band off-sets,
solid state light emitting diodes or lasers are also possible. This quality can be used to make
electronic devices which detect and manipulate light, called optoelectronics [38] [32]. Initial
monolayer MoS2 optoelectronic devices displayed poor photoresponse not much better than
graphene, thus a lot of light was needed to produce a small photocurrent [32].
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Figure 1.4: Band structure of WSe2 from bulk, with an indirect band gap from the gamma
to K point, to monolayer, with a direct band gap at the K point, calculated by source [39]
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But with improved mobility and reduced contact resistance, recent monolayer MoS2
photodetector response has been improved 100,000x reaching 880 A/W [40].

1.1.4

Simple Circuits

The most basic and common feature of modern electronics is the p-n junction. Illustrated in
Figure 1.5 this device allows current to flow when in forward bias, and no current when in
reverse bias. There are many ways to make a p-n junction, and once realized, more complex
electronics such as logic gates and LEDs can be created. Developing TMD p-n junctions has
been, not surprisingly, a main goal in research. Currently, the most common p-n junctions
are made from doping, however controlled doping techniques limit doping success in thin film
TMDs. Heterojunctions are a common way to make p-n junction, which use two different
materials in contact with each other. Vertical heterojunctions have been created from TMD
thin films stacked together with other thin film hybrid devices [41] [42].
Since there are such major behavioral changes depending on thickness, lateral homojunctions made by contact between two areas of the same material with different thicknesses
are also possible between monolayer and few layer TMDs [43] [44] [8] [45] but a successful
device has been presented as of now. Another way to tune device behavior which will be
discussed further is through ion irradiation and thus defect introduction. Stanford et. al
have shown a homojunction between pristine and He+ irradiated few layer WSe2 is possible
[46] and took this technique a step further in single layer materials and introduced atomic
layer circuits including a working inverter by selected area ion irriadiation [47]. Other more
complex applications of TMDs that have been created are gas sensors [48] [34], ring oscillators
[49], and SRAM cells [49]. While not yet realized, the properties of TMDs and the creation
of flexible substrates like H-BN and ion gels show promise for flexible, transparent, and
stretchable electronics [3] [41] [50].
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(a) Band diagram of a p-n junction

(b) I-V characteristics of a p-n junction

Figure 1.5: Physical and electrical depiction of a p-n junction from source [51].
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1.2

WSe2

1.2.1

Background properties

The most studied TMD up to this point is MoS2 . A significant amount of background work
has been done on the properties, growth, and application of this material. However, this
work will focus on WSe2 which has a smaller direct band gap than MoS2 , 1.65eV vs 1.8eV
but displayed unique properties which makes it interesting for the development of complex
devices [52]. While MoS2 is mostly n-type, WSe2 has shown ambipolar, n-type and p-type
behavior depending on thickness and contact material [52] [21] [12] [53]. Control over carrier
type is highly desirable and this trait shows promise to producing p-n junctions in WSe2 .
WSe2 has also been shown to have higher carrier mobility that MoS2 [21]. In addition, WSe2
has a high photoluminescent quantum yield, strong spin-orbital coupling, high adsorption
coefficient in the visible range, and the lowest thermal conductivity among dense solids [52]
[54] [55]. WSe2 is a very stable thin film in atmosphere as it is more resistant to oxidation
than other sulphides TMDs [12]. These qualities make WSe2 an exciting and useful material
to study. WSe2 follows the classic layered TMD X-M-X structure described previously [6].
The M-M bond length between selenium atoms is 3.15 A, slightly larger than sulfides since
selenium is a larger atom [3]. WSe2 has been produced in both the more common trigonal
prismatic 2H coordination and the octahedral 1T coordination [56].

1.2.2

Raman

The Raman spectrum of WSe2 is thickness dependent and a quick and useful tool to
distinguish mono and bilayer flakes without damaging the sample. The largest peak is the
E2

g1

peak which shifts from 250 cm-1 with increasing flake thickness [6]; this peak represents

the in plane vibration, thus the higher in plane order and symmetry, the higher the E2

g1

peak [30] [29] [52] [57] [34] [15]. The A1g peak is smaller and, some claim, directly to the
high-energy side of the E2

g1

peak at about 257 cm-1 [58]. There is disagreement on where

exactly the A1g peak is as the theoretical and experimental results conflict, some label this
peak as 2LA(M) which is a second order mode due to LA phonons at the M point in the
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Brillouin zone [59] which is how this peak is reference in Figure 1.6 from Zhao et al. [6].
the A1g peak represents the out of plane vibration, thus if there is significant disorder in the
lattice, atom vibrations will be vibrate out of plane and thus the A1g peak will increase. The
last peak of interest is at about 308 cm-1 and disappears in the monolayer thickness. With
layer reduction from bulk to monolayer, peaks exhibit an approximately 1 cm-1 shift up in
energy. This is a smaller shift than other TMDs possibly due to the larger atomic masses
of tungsten and selenium than molybdenum and sulfur [6]. As layers are removed, the E2

g1

sharpens, in plane vibrations become more uniform, but the A1g mode broadens, out of plane
vibrations disperse with decreased lateral stress [6]. At the monolayer thickness both the
A1g and E2

g1

become degenerate which agrees with theoretical findings [6]. While the A1g

mode shows peak broadening with electron doping, E2

g1

is unaffected, suggesting there is

stronger electron-phonon coupling with the out of plane vibrational mode than the in plane
mode [15]. Photoluminescence (PL) is another important and layer dependent measurement
used to characterize TMD thin films. The indirect to direct band gap shift at the monolayer
thickness increases PL emissions 100x to 1000x compared to bulk material [30] [29].

1.2.3

Band Gap Structure

The indirect band gap at the gamma point in the valence band exhibited in bulk WSe2
is the same as MoS2 , 1.2 eV, but the direct band gap between K points at the monolayer
thickness is slightly smaller at 1.65 eV. This reaches just into the visible spectrum of red light
and so WSe2 is still useful for optoelectronic applications [29] [6]. In the monolayer form,
photoluminescence of WSe2 is centered at 750mm, emissions are 100x to 1000x stronger than
bulk WSe2 emissions due to the indirect to direct band gap transition. There is a significant
thickness dependent shift of the A and B peaks. which suggests strong interlayer coupling
[30]. Another way to increase PL emission without thinning the sample to the monolayer is
to induce strain. Figure 1.7 from Desai et al shows 35x increased PL intensity in multilayer
WSe2 under 2% uniaxial tensile strain compared to unstrained multilayer WSe2 [37]. A
concomitant shift in the band structure of WSe2 from indirect gamma K band gap of 1.2 eV
in the monolayer to a direct K- K band gap of 1.65 eV in the monolayer has been observed
[15].
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Figure 1.6: Raman spectrum of WSe2 from bulk to monolayer
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Figure 1.7: PL and raman spectrum of monolayer, trilayer, and 4 layer WSe2 under
increasing uniaxial tensile strain
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1.2.4

Charge Carrier Control

One of the characteristics which makes WSe2 an interesting and promising material is its
charge carrier behavior. Depending on WSe2 thickness, electrode material, and processing,
one can make WSe2 thin film transistors of n-type, p-type, or ambipolar behavior [52] [21]
[20] [12] [53]. Work by Pudasaini et al in Figure 1.8 shows the transition of WSe2 with
Cr/Au contacts from p-type at the monolayer to ambipolar to n-type in thick few layer
flakes [53]. This quality opens the door for complex circuits on a single WSe2 crystal. There
have been multiple demonstrations of working inverters on single crystal WSe2 flakes which
has been difficult to produce with MoS2 [57] [53]. WSe2 is importantly more air stable than
other TMDs but surface interfaces still impact electrical performance to a high degree [20].
Like MoS2 , WSe2 behaves significantly different in atmosphere versus vacuum and is capping
layer sensitive. One recent research focus has been the conversion of WSe2 into WOx in the
presence of oxygen and heat which caps the underlying WSe2 and switches multilayer devices
to strongly p-type [20] [43] [60] [44] [53].

1.2.5

Growth

Growth of WSe2 was initially achieved by direct heating of pure W and Se, vapor transport
growth, and WO3 powder reaction with H2 Se [33] [61] [62]. These samples were small,
on the micron scale, and had very low carrier mobility . Recent research on effects of
temperature, such as the work by Liu et al in Figure 1.9, growth time, and chemical specie
ratios have improved monolayer crystal size, shape, and material performance [52] [57].
Chemical vapor deposition (CVD) grown WSe2 samples have reached sizes up to 1cm2 for
a single domain with high carrier mobility up to 100 cm2 V-1 s-1 in the monolayer and 350
cm2 V-1 s-1 in few-layer samples [29]. Large area CVD growth has been successful on different
substrate materials. Recent work on sapphire for instance was accomplished through the
selenization of WOx powers [57]. Direct vapor phase sublimation of WSe22 powders has
also shown to be an effective growth method, resulting in flakes that display similar optical
quality to mechanically exfoliated samples [54]. The growth method, of course effects the
material quality and thus has an impact on electrical behavior.
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Figure 1.8: Transition of pristine WSe2 from p-type (1.5-2.4nm) to ambipolar (3.5nm) to
n-type (5.7nm+) with Cr/Au contacts from Source [53]
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Figure 1.9: WSe2 grown by CVD at (a) 900 (b) 950 (c and d) 1025 (e and f) 1050 degrees
C
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For instance, CVD grown WSe2 has ambipolar behavior while direct vapor phase
sublimation samples show p-type behavior [29].

1.2.6

Contact resistance

A challenge that needs to be overcome before large scale WSe2 thin film transistor production
is the high resistance present at the semiconductor and electrode interface [3] [21]. An Ohmic
contact,with minimal resistance between the two materials and current can flow at the small
applied source drain voltage is desirable; this is evidenced by a transfer curve with a constant
linear relationship between voltage and current in Figure 1.10b. When there is high resistance
at the junction, a Schottky barrier forms and a certain forward bias is needed to overcome
the barrier height which is typically associated with the difference in the alignment of the
metal work function and either the conduction band or valence band for n- and p-type
materials, respectively [55], this is illustrated in Figure 1.10a. Basic methods to reduce
surface resistance is to anneal the sample and ensure surface/interface cleanliness (reduce
oxides for instance). The deposition method for the metallization and vacuum at which
metallization occurs also have a significant impact on contact resistance [3].The electrode
material is a direct way to improve device behavior [12]. Doping the contacts region [21]
and depositing a barrier layer between the WSe2 and the contact, such as MgO or TiO2 [63],
have shown increased carrier density by decreasing barrier height between the semiconductor
and contact if a high work function metal is required.

1.2.7

FET fabrication

WSe2 thin film transistors are fabricated through a series of meticulous steps illustrated in
Figure 1.11. The first step is to obtain a thin film sample via the various growth methods
described earlier, or through a process called exfoliation which cleaves thin films from bulk
crystals. Exfoliation can be either chemical [1] [64] [65] or mechanical [36] [66] by the scotch
tape method. While not proven true for mechanical exfoliation, studies have show chemical
exfoliation using shear stress produces larger and thinner TMD [67] as well as graphene [68]
flakes in a controllable process.
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(a) Band diagram of a Schottkey contact

(b) I-V characteristics of an Ohmic and Schottkey
contact

Figure 1.10: Diagram of (a) Schottkey contact from Source [69] and (b) electrical behavior
of contact type from Source [70].
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(a) Flake exfoliated onto substrate

(c) Exposed areas are preferentially dissolved away

(b) Sample is coated in a resist
material

(d) Sample is metallized

(e) Resist removed which leaves
device contacts

Figure 1.11: Fabrication process of a thin film transistor
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Once exfoliated onto a substrate (Fig 1.11a), desired flakes are located and thickness
identified. Atomic force microscopy (AFM) is a precise method to determine thickness,
however this takes time and optical identification of flake thickness based on color and
contrast has been proven a reliable, and much faster method [16]. Devices are designed
custom to each flake in AutoCAD R software and written into a resist (for instance PMMA)
mask layer (Fig 1.11b) with an electron beam lithography system. Once developed (Fig
1.11c), the samples go through metallization (Fig 1.11d) by either sputtering or electron
beam evaporation. When the PMMA mask is lifted off with acetone, just the electrode area
which had direct contact between the substrate and the metal are left. These devices then
go through subsequent processing (anneal, plasma treatment etc.) to tune electrical and
optical properties.

1.3
1.3.1

Defect Engineering
Background

For TMDs to be practical for electrical device applications, tuning of carrier type, mobility,
and density must be achieved in a controllable way. In bulk materials, this can be achieved
in a variety of ways. Chemical doping is a common and well established method to control
properties which introduces foreign atoms or molecules to of a sample. These impurities
interact with the original material and alter electrical, optical, and structural characteristics.
Doping can occur in situ, during material growth, or ex situ, after growth. By controlling
precursor atom ratios, in situ substitutional doping has been achieved in CVD grown bulk
TMDs which can then be exfoliated to thin films [71] [72]. To this point, oxygen is the only
non-group 6 or transition metal element successfully grown into the matrix [71] and even
with simple substitution within group 6 elements, this method increases lattice distortion and
decreases carrier mobility [3] [72]. Elements other than group 6 and oxygen, are adsorbed to
the surface as adatoms at certain sites above lattice atoms, or at the center of the hexagonal
void in the TMD structure. These atoms can be highly mobile, sometimes even at room
temperature, and thus are not sable for practical use [71].
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1.3.2

Doping

In chemical doping through ion implantation, a mask layer allows for extremely high levels
of precision. Ions are accelerated towards the sample in an electric field and bombard any
exposed regions [72]. This method requires ions to have high enough energy to eject lattice
atoms and break bonds. In bulk material this can be fixed with a simple anneal, however
in thin films the damage is more significant and etching which is negligible in bulk samples
can obliterate mono and few-layer materials [72]. Surface charge transfer doping is a nondestructive method which shows promise for TMDs with extremely high surface to bulk
ratios [72]. DFT modeling has shown that even low levels of adsorbed molecules is effective
in carrier tuning [73] however in practice the effect degrades over time [3].

1.4

Energized Beams

Doping methods have been successful in bulk semiconductors for decades, however the unique
properties of TMD thin films requires a different solution for behavior manipulation. Defect
engineering is the conscious introduction of defects to a lattice and is typically performed
with an energized beam. Direct focused beam methods are convenient for prototyping as
they have nanoscale precision which is limited by beam size, currently about a couple of nm
but is constantly being improved and reduced [74] . The process is extremely controllable
through beam current and power and with computer programming could be scaled up [Zhao,
Doping].

1.4.1

Defect Classes

0D
There are two classes of defects of importance in defect engineering, vacancies and lattice
distortions. In 2H TMDs there are 6 specific vacancy point defects which can arise from
vacancies, examples of these defects in 2H-MoS2 are shown in Figure 1.12.
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O2/VacancyDefects.png Aging/VacancyDefects.png

Figure 1.12: TMD vacancy point defect types from Source [71]
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The vacancy of one chalcogenide on one side of the X-M-X sandwich, Vx , a pair of
chalcogenide vacancies on either side, Vx2 , a vacancy group of one center layer transition
metal and three corresponding chalcogenides from one side, Vmx3 , a vacancy group of one
center layer transition metal and six corresponding chalcogenides, three from each side, Vmx6 ,
and antisites when a transition metal occupies a chalcogen pair vacancy, Mx2 , and when a
chalcogen pair occupied a transition metal vacancy, Xsm [71]. Besides Mx2 , these vacancy
point defects maintain trigonal prismatic symmetry which reduces lattice stress [71]. The
lowest formation energy, and most common, vacancy defect is Vx . The specific value depends
on the TMD chemical makeup, for WSe2 it is 2.81eV [75]. These single chalcogen vacancies
releases an unpaired electron into the lattice to act as a hole trap or an additional n-type
carrier [76] [77]. These defect sites are essential dopants and provide a site within the TMD
bandgap, so when carrier concentration is low electrons transport via hopping between defect
sites [78]. Stanford et al performed DFT calculations, in Figure 1.13 on the effect of various
defects on the band structure of WSe2 .
1D
When there are sufficient chalcogen vacancies which line up, line vacancies can form, usually
in a zig-zag pattern across the surface of a TMD layer [71]. Calculations on these line
vacancies show increased conduction in the direction parallel to the line which can reach
metallic levels [47] [79]. It has been experimentally proven that strain can be used to
determine directionality of these lines increasing control over damage effects [79]. Grain
boundaries occur in TMD just as in all crystalline materials, however bulk growth has been
optimized so most mechanically exfoliated samples are from single crystals. Grain boundaries
could be useful in property manipulation as its been found that at a 60 degrees rotation ,
grain boundaries can result in triangular inversion domains with metallic edges [80] [Vacancyinduced formation]. This can be achieved through precise growth. Edges are another lattice
distortion determined by growth, CVD grown monolayers are generally triangular however
depending on precursor ratios hexagonal flake are also possible [71].
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Figure 1.13: Interband states created by defects in monolayer WSe2 . A hole doping effect
occurs with point vacancies such as Vx and mx6 but with line vacancies there are enough
interband states for metallic conduction along the line
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3D
Rippling of TMD layers is an example of 3D defects which can occur in 2D materials. This
effect can be generated deliberately with a laser beam or might occur if monolayers are
exfoliated onto dirty or rough substrates and introduces anisotropic strain in the material
[71].

1.4.2

Examples

Specific defects can improve device behavior in beneficial ways, defect engineering aims
to control behavior by controlling defects.

With the combination of theoretical and

experimental studies, the energy required to produce specific defects is well established.
Manipulation of irradiation dose and annealing time can control the density of defects
induced in a sample [76] [47]. Heavy irradiation will destroy a TMD device, but finely
tuned beam current, dose, and energy has been shown to improve device performance by
producing the right amount of damage to maintain material integrity [76] [81] [82]. MoS2
irradiated with swift heavy ions (SHI) of U28+ showed structural and electrical changes which
at low doses improved behavior but at heavy doses destroyed the transistor [83]. Graphene
is typically more radiation hard than TMD materials due to graphenes ability to dissipate
electronic energy. TMDs are unable to transfer electric energy as efficiently thus the energy
density is greater which causes more damage at lower doses [28]. The transition through
various stages of damage is illustrated in Figure 1.14 while damage at first limits conduction,
upon further damage chalcogenide vacancies merge to form vacancy lines parallel to the
channel and increase conduction to metallic levels [84] [47]. Through proton irradiation,
magnetism has been induced in MoS2 [85]. In n-type MoS2 , proton irradiation has been
shown to increase the positive gate threshold voltage of a thin film transistor. This effect
is due to the irradiation induced hole traps at chalcogen vacancies [81]. The irradiation
induced changes were not stable, as recovery of pristine behavior occurred after a few days;
while not elaborated it is assumed that isoelectronic oxygen reacted and filled the chalcogen
vacancies [81].
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Figure 1.14: Effect of increasing irradiation dose on MoS2 resistivity from source [84]
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Another study found increased and novel photoluminescence in WSe2 , MoS2 , and MoSe2
after irradiation with alpha particles [76]. Damage was shown to introduce a new emission
peak about 0.15 to 0.25 eV below the free-excitation PL peak which is within the bandgap.
In addition to the new PL peak, overall PL intensity increased with damage however these
effects disappeared when measured in vacuum indicating effects must be due to interactions
between defects and ambient gas molecules such as N2 or O2 , however O2 is more likely due
to a higher binding energy [76].

1.4.3

Oxygen Plasma

The interaction between oxygen and thin film TMDs has become a focus of research as a
means of manipulating behavior. One way this has been studied is through remote oxygen
plasma exposure [44] [8] [86]. Oxygen atoms are ionized and radicals diffuse through the
chamber to the sample located at a distance from the plasma source. In classic plasma
cleaners, plasma species are accelerated towards and bombard the sample which causes a
sputtering effect and will damage thin films. The oxygen is chemically adsorbed by the
top most layer and forms bonds with tungsten, or the present transition metal, to grow an
amorphous oxide layer [44] [8] [71] [82]. O3 exposure, such as in Figure 1.15, and thermal
annealing in ambient atmosphere has shown similar oxidation effects [20] [43] [60], however
due to the lateral growth of tungsten oxide across the sample surface, a quick plasma
treatment increases control over the process and does not cause as much damage to the
underlying pristine sample [8] [44]. The existence of a single top oxidized layer is difficult
to prove as it is amorphous, and will not appear on a raman spectrum, and a single layer
on top of bulk crystal is too thin to see in most electron microscopes. X-ray photoelectron
spectroscopy, (XPS), such as Figure 1.16 has been used to detect the presence of oxygen in
O2 plasma exposed samples.
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Figure 1.15: Top layer oxidation of WSe2 by ozone exposure from Source [60]

Figure 1.16: Detection of amorphous single layer WOx by XPS from Source [44]
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Self-limiting
Oxidation is self-limiting, oxygen does not diffuse through the amorphous WOx or MoOx
layer even when exposed to extended periods of plasma [44] [8]. Proof that the underlying
TMD layers remain pristine has been presented through raman and PL studies in Figure 1.17
by Li et al. Triple layer samples display distinct pristine bi-layer behavior after oxygen plasma
exposure, bi-layer samples display pristine monolayer behavior and monolayer samples show
no TMD behavior after exposure [44] [8]. Electrically, the amorphous oxide capping layer
p-dopes the underlying material. WOx and MoOx have a higher electron affinity than their
selenide TMD material and draw electrons from the pristine material into the top oxide layer
[82] [20] [60] [8] [53]. Transition metal oxides have also been shown to be good hole injection
layers when used as a barrier between the TMD and electrode, increasing p-type behavior
of the device [77] [87]. Theoretically, this effect could be used to create homojunctions
between n-type WSe2 and p-type WOx capped WSe2 but experimentally this has not been
accomplished yet.
Thinning
There have been attempts to thin TMD samples layer by layer by removing the amorphous
oxidation layer through a KOH bath [44], argon ion cluster etching [43], and high temperature
annealing under ultra high vacuum [8]. XPS and AFM studies of these sample show chemical
and physical success, however no electrical data has been presented that proves samples retain
conductivity and carrier mobility. Layer dependent electrical behavior has been reported in
WSe2 with Cr/Au contacts [53] so successful layer by layer thinning could result in a lateral
WSe2 p-n homojunction through thickness modulation. With the improvement of CVD
grown WSe2 , this technology could produce complex circuits made entirely of WSe2 on large
area grown flakes.
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Figure 1.17: Monolayer WSe2 raman (a) and PL (c) spectrum before and after O2 plasma
exposure. No evidence of WSe2 remains after exposure. Trilayer WSe2 raman (b) and PL
(d) spectrum before and after O2 Plasma exposure. PL intensity after exposure increases
significantly and matches expected levels from bi-layer WSe2
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1.5

Outlook

Moving forward, TMDs are a promising material which require more research before
widespread application in consumer products.

These materials have high potential for

numerous nanoelectronic applications due to successful growth, monolayer direct band gaps,
and optoelectronic function, and are worth investing in. There are still hurdles to master, like
high contact resistance and monolayer processing without destruction, but with increased
demands on data processing speed and storage minimization researchers will develop novel
solutions to these problems.
[88] [89] [90] [91] [92] [70] [51] [39] [11] [10] [46] [53] [47] [71] [84] [5] [37] [12] [6] [60] [44]
[3]
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WSe2 Ambient Effects
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2.1

Background

Since the demonstration of graphenes remarkable properties in 2004 [1], layered 2D materials
have been the focus of intense research. For many electronic applications graphene is not ideal
due to the absence of a bandgap, however this challenge has inspired the investigation of other
layered materials. Transition metal dichalcogenides (TMDs) such as MoS2 , WS2 , MoSe2 , and
WSe2 have gained interest due to their unique properties applicable in 2D electronics. [3]
[93] [94] Like graphene, these layered materials stack in clean, dangling bond-free surfaces,
which allows for easy thin film device fabrication [12]. Unlike graphene, many TMDs have
thickness-dependent bandgaps which make them attractive for electrical and optoelectronic
applications. For instance, several TMDs possess a direct bandgap at the monolayer while at
bilayer and thicker there is a transition to a smaller, indirect bandgap.[15] Layer dependence
also impacts carrier concentration and mobility.[18] [19] These layer-dependent properties
can be leveraged to tune the behavior of TMDs in optoelectronic devices. Previous work
34

on the layer dependent electrical characteristics of the Cr/Au contact scheme used in this
study has shown a systematic shift in the carrier type with increasing layer thickness[93];
namely thinner flakes are p-type and as layer thickness increases, n-type conduction increases,
which was rationalized based on the shifts in the conduction and valence band positions
and subsequently the barrier height for each carrier.

Interestingly, scanning tunneling

microscopy (STM) of various metal contacts to MoS2 have revealed that intrinsic defects
can dominate the contact resistance and provide low n- and p-type Schottky barriers for
carrier injection.[77] Regarding the Cr-WSe2 contact region, the energy band diagram has
recently been studied via XPS for bulk crystals.[95] The band gap (1.3 eV) and Fermi level
position (0.34 eV from conduction band edge) of the pristine WSe2 was initially determined
and found to shift

0.34 eV towards the mid-gap after chromium was deposited in ultra-

high vacuum, suggesting a larger than expected effective chromium work function (4.92 eV
versus 4.5-4.6 eV). The larger effective work function could be due to CrSex formation,
which is thermodynamically favorable. The picture is more complicated for high-vacuum
contact deposition in which XPS reveals CrOx and WSex Oy was detected. Challenges to the
realization of widespread TMD applications include controlled large area materials growth
with consistent material properties.[57][29][96][97][98][99][100] Furthermore, the effects of
routine semiconductor processing chemistries and environments need to be understood.
While many TMDs are touted as air-stable, elucidating the effect of atmosphere is necessary
as adsorption and oxidation can deleteriously affect the device properties.[101][102] Surface
layers without dangling bonds are, in general, chemically inert but surface defects and flake
edges are still vulnerable to physisorption of polar molecules. [18][19] Studies have shown
various encapsulation methods can mitigate the atmospheric impact on thin films. However,
the various encapsulation methods themselves can alter the properties of the functional thin
film, which in what is studied here is the semiconducting channel region. Polymer spincoated encapsulation has shown reduced structural degradation in TMD FETs[18], however,
another report suggests that the TMDs transform from semiconducting to metallic and
the electrical properties degrade after extended time in ambient.[19] Molecular doping can
passivate surface defects, however this process obviously modifies intrinsic conduction and
has been shown to degrade over time in atmosphere.[103][104] Encapsulation graphene or
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hexagonal boron nitrate (h-BN) is a common method, which preserves device performance
over extended exposure to atmosphere, but the stacking fabrication process is complex with
high probability of cracks and is not practical for large scale fabrication.[105][106] Even as
encapsulation methods improve, it is vital to understand of atmospheric and aging effects on
these materials as inevitably the materials are exposed to ambient conditions during device
processing. The effect of physisorbed species and oxidation on electrical properties of MoS2
has been studied[102][107][108][109][110][8][82][111][112], but limited information is available
for WSe2 . WSe2 can be ambipolar[57] which provides the unique opportunity to observe
the effects of ambient environment on n-type and p-type charge carriers. Additionally, it
was shown that adsorbed atmospheric species and oxidation effects on selenides are more
significant than on sulfides.[113] Here we demonstrate the reversible effect of physisorbed
atmospheric gas on n- and p-type transport as a function of WSe2 layers, by measuring the
transfer characteristics of field-effect transistors (FET) in air and vacuum. The reversible
characteristics are attributed to H2 O/O2 physical adsorption, which preferentially depletes
electron carriers.[114] Subsequently, we study the effects of long term exposure to atmosphere
on the electrical properties of WSe2 .

With prolonged exposure to atmosphere, n-type

on-current decreases and p-type on-current increases. Density functional theory (DFT)
calculations suggest that the observed changes can be attributed to chemisorption of
molecular O2 at selenium vacancies and isoelectronic O chemisorption of Se vacancies.

2.2
2.2.1

Methods
Fabrication

Bulk single crystal WSe2 was synthesized via the vapor transport method. A heavily p-doped
silicon substrate with a thermally grown 290 nm SiO2 insulating layer was used for all field
effect transistor (FET) devices. WSe2 was mechanically exfoliated onto the substrates, which
were previously cleaned via sonication in an acetone bath. Images of flakes were taken on an
optical microscope equipped with a Nikon camera to record shape, thickness, and location of
flakes. Poly(methyl methacrylate) (PMMA) resist was spin coated and source-drain contacts
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were patterned via electron beam lithography on an FEI 600 Nova equipped with a Raith
lithography package. Source and drain contacts of Cr (5nm) and Au (30nm) were electron
beam evaporated at a rate of 1 Å/s at 2x10-6 torr and lifted-off in acetone.

2.2.2

Characterization

Raman spectroscopy was performed on a Renishaw inVia micro-Raman system using a
532nm excitation laser and a 100X objective. Electrical characterization was performed in a
cryogenic vacuum probe system with a 4200 Keithley semiconductor device analyzer. After
initializing venting or pumping, it takes approximately 2 minutes for the stage vibration
to damp sufficiently to place the probe tips on the surface of the substrate, after which,
transfer measurements were taken approximately every 20 seconds for 5 minutes, then each
minute for at least another 5 minutes until the transfer characteristics stabilized. To gather
a full transfer curve from -70V to 70V quickly, the precision of the measurement was reduced
to about 0.1 nA. Thus all negative current values were eliminated and only positive values
>0.1 nA are plotted. Devices were measured initially in air and vacuum immediately after
fabrication, then aged in atmosphere and periodically measured in air and vacuum (and
in one instance in an N2 ambient) over a period of 900 hours. One device in the set was
measured in air and vacuum after 3600 hours of ambient exposure to observe extended aging.
X-ray photoelectron spectroscopy (XPS) data was collected using monochromatic Al Kα Xrays (1486.7 eV) at a pass energy of 26 eV in a PHI VersaProbe III UHV system, equipped
with an auto dual-charge neutralizer. A spot size of 9 um was used. Spectral analysis was
carried out using kolXPD software [115] to fit the features present in the W 4f and Se 3d
spectra, and accurately determine peak positions. All peaks were fit with Voigt lineshapes.

2.2.3

Electronic Structure Calculation

Plane-wave DFT calculations were carried out via the VASP package [116] equipped with the
projector augmented-wave (PAW) pseudopotentials. The exchange-correlation interactions
were considered in the generalized gradient approximation (GGA) using the Perdew-BurkeErnzerhof (PBE) functional.[117] Single-layer WSe2 was modeled by a periodic slab geometry
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with 18 Å vacuum separation in the out-of-plane direction to avoid spurious interactions
with periodic images. For the hexagonal unit cell of pristine WSe2 , its optimized in-plane
lattice constant is 3.32 Å and 24241 k-point samplings were used. A 55 supercell was then
constructed to introduce a point Se vacancy to study the chemisorption of an O2 molecule
near the vacancy site. For the supercell, 661 k-point samplings were used. For all studied
systems, all atoms were relaxed until the residual forces below 0.01 eV/Å, and the cut-off
energy was set at 400 eV.

2.3

Atmospheric Effects

To elucidate the atmospheric and aging effects on WSe2 multilayer devices, we performed a
series of electrical tests in air and vacuum as a function of atmosphere exposure time. Five
bottom gate devices were fabricated with a Cr/Au contact scheme on 10 layer (L), 9L, 7L,
4L, and 3L flakes. To distinguish the relative activation energy of adsorbed species, both
short-term ( 20 minute) and long-term ( 48 hours) vacuum hold electrical measurements were
performed. In what follows, we will first show atmospheric effects on as-fabricated devices.
Subsequently, by distinguishing the electrical characteristics of the short-term and long-term
vacuum pumping at specific aging times, we assign various physisorbed and chemisorbed
species to the observed changes in the electrical characteristics. Figure 2.1a shows a set
of transfer curves for a 7-layer FET measured in air, then held in vacuum for two-days
and re-measured in vacuum, as a function of atmospheric exposure time. The device was
measured the day it was fabricated (as-fab) then aged for 300 hours, about 13 days, and
re-measured in air, vacuum, and additionally an N2 environment. The device was then
aged for an additional 600 hours, about 25 days, and re-measured in air and vacuum. The
representative curves for other WSe2 thicknesses can be found in 2.2. As will be described
throughout this work, Figure 2.1b and 2.1c depict the schematic of as-fabricated devices in
air and vacuum, respectively; changes in the electrical properties of the as-fabricated sample
in atmosphere and after a short vacuum pump-down is attributed to H2 O physisorption on
pristine WSe2 .
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Figure 2.1: a. Transfer curves through aging in ambient (solid line) and vacuum (dashed
line) environments. Schematics of devices in b. ambient as a new device c. vacuum as a new
device d. vacuum as a mid-aged device and e. vacuum as a long term aged device

39

Figure 2.2: WSe2 transfer characteristics sensitive to ambient and aging times. IDS -VGS
curves from (a) 3 layer (L) (b) secondary 3L (c) 4L (d) 9L and (e) 10L WSe2 FET in
measured in air and vacuum for as-fabricated, 300 hours and 900 hours of atmospheric aging
times. Additional measurement in inert N2 environment for 300-hour aging time.
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Figure 2.1d and 2.1e depict schematically the devices in vacuum after 900hr and 3600hr
of atmospheric aging, respectively, illustrating how H2 O/O2 physisorption on selenium
vacancies dominates initially and chemisorbed molecular O2 and atomic O at selenium
vacancies dominate at longer aging times. The data shows that for all thicknesses and
aging times, there is an increase in n-type conduction in vacuum compared to atmosphere.
Furthermore, for the devices tested after 300 hours of aging, there is no significant change
in the transfer characteristics when the pumped vacuum chamber is flushed with N2 gas
indicating this n-type conduction increase is not pressure dependent and not affected by
N2 adsorption. To observe the short-term conduction shift associated with physisorbed
atmospheric gases, transfer measurements were taken on a pristine as-fabricated 3-layer
device during a 20-minute pump-down cycle (2.3a) and venting cycle (2.3b) after the device
was held in vacuum for two-days (see Methods for details and comprehensive electrical
data set for additional flake thicknesses can be found in SI). The n-type conduction
increases >200x during the 20-minute pump-down and reaches a stable value, which remains
unchanged after a two-day exposure to vacuum. The n-type current reversibly decreases
toward the original value when subsequently exposed to air for 20-minutes. The largest
change occurs in the first 2 minutes of both cycles during which we were unable to collect
data due to system vibrations, hence the large gap between the first and second curves in
both Fig. 2.3a and Fig. 2.3b. The p-type conduction modestly decreases during pump-down
and reversibly increases during venting. A plot of the ratio of on-current (at +/-70V gate
voltage) measured after the two-day vacuum exposure, to the atmosphere measurement for
n-type and p-type conduction, respectively, is plotted as a function of layer thickness in
Figure 2.3c. It is clear that the environmental impact on n-type conduction has a strong
thickness dependent while p-type conduction is minimally affected. The reversible, increase
of n-type conduction upon exposure to vacuum suggests adsorbed molecules are modulating
electron transport. Adsorbed surface molecules intuitively affect thinner materials more
strongly due to their higher surface to volume ratio which is consistent with our observed
layer dependence. DFT calculations by Wang et al. estimated that water molecules have
the highest binding energy of atmospheric gases of about 45 meV on pristine WSe2 and that
physisorbed H2 O molecules act as an electron trap with a charge transfer of 0.0186 e- per
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Figure 2.3: Transfer curves through aging in ambient (solid line) and vacuum (dashed line)
environments. Schematics of devices in b. ambient as a new device c. vacuum as a new
device d. vacuum as a mid-aged device and e. vacuum as a long term aged device
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adsorbed H2 O molecule.[118] Thus, the observed n-type pressure dependent conduction is
attributed to electron transfer from WSe2 to physisorbed water molecules. Importantly, the
binding energy of H2 O-WSe2 is much lower than H2 O-stainless steel chamber (∼ 1 eV)[119];
thus the coverage on the WSe2 is dictated by the residual H2 O partial pressure, which after
the initial volume of gas is pumped is limited by the desorption from the chamber walls.
Similarly, Qiu et al. showed that the n-type conduction of bilayer MoS2 increased by a
factor of ∼ 10 in 10-6 Torr vacuum and increased another factor of 5 upon vacuum annealing
at 350K. The vacuum annealing reduced the O1s XPS peak by approximately 43% and
the observed increase in n-type conduction were attributed to either or both H2 O and O2
adsorption.[107] More recently, Shimazu et al. studied the hysteresis behavior of MoS2
devices under different atmospheres and noted that H2 O generated the largest hysteresis;
though hole trapping was attributed to the approximately +28 V threshold voltage shift
during the reverse sweep.[120] Finally, H2 O and O2 adsorption has been shown to reversibly
act as a photoluminescence gate modulator in n-type TMD materials; the photoluminescence
modulation was attributed to the adsorbed species depleting the n-type carriers, which
weakens electrostatic screening that would otherwise destabilize excitons.[121]

2.4

Aging Effects

In addition to the impact of adsorbed atmospheric molecules, various aging phenomena were
observed. Figure 2.4a and 2.4b show the n-type and p-type on-currents at +/-70V gate bias,
respectively, measured in air after over 900hrs of aging time in atmosphere (1200hrs for the
10L device). The conduction changes for both n-type and p-type over time are consistent
with the effects of the adsorbed molecules, namely: with increasing aging time the n-type
conduction decreases while p-type conduction increases. While adsorbed H2 O additionally
affects the transport of aged devices, The ratio of aged to as-fab on-currents measured in
atmosphere are plotted in Figure 2.4c, which shows the expected general trend that the longterm aging effects thinner flakes more, note exceptions to the data trends exist for instance
the 3 layer n-type ratio and 4 layer p-type ratio.
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Figure 2.4: Long-term ambient aging effects. ION (ISD @ +/-70 VGS) of (a) n-type and
(b) p-type conduction in air for various-layered WSe2 FETs as a function of atmospheric
aging time. (c) Ratio of ION aged to as-fabricated for various layer thickness devices in air
after 900 h of atmospheric aging. (d) Raman spectra of monolayer WSe2 flake as-fabricated
compared to the same monolayer flake after 700 h of atmospheric aging.
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Furthermore, hole conduction increases more than electron conduction is suppressed.
Figure 2.4d shows the normalized Raman spectrum of an exfoliated monolayer flake, which
was measured immediately after exfoliation and after 700 hours of ambient aging. Figure
2.5 shows the raman spectra for 4, 7, 8, and 10 layer flakes. Significant degradation and
disorder in TMDs can cause the Raman peaks to broaden, shift in position, and quench.
[122][123] 40,41 Monolayers are particularly susceptible to these effects.In this study, there is
no discernable shift in the Raman spectra for the monolayer or multilayer WSe2 after aging,
and there is no evidence of oxidation-induced changes. This is due to the thermodynamic
mechanisms of aging in ambient, as described below, in which rather than crystalline tungsten
oxide formation, H2 O/O2 physisorption, and molecular O2 and atomic O chemisorption,
occur at chalcogen vacancies and therefore we did not observe WOx in the Raman spectra.

2.4.1

Density Fictional Theory

To further elucidate the long-term aging effects on electrical properties of WSe2 , DFT
simulations were performed similar to previous reports.[120][122] Figure 2.6 illustrates the
electronic band structure of (a) single layer WSe2 and (b) WSe2 with a Se vacancy. Consistent
with previous DFT calculations the Se vacancy introduces two almost degenerate gap states
approximately 0.37 eV from the conduction band. A high concentration of Se vacancies will
shift the Fermi level towards the conduction band rendering it n-type, which is common for
many TMDs. Figure 2.6c shows the band structure of an O2 molecule chemically adsorbed to
the Se vacancy, which reflects that the dangling bonds are saturated; 1.37 e- are transferred
from the WSe2 to the O2 molecule and the adsorption energy has been calculated to be 2.36
eV.[124] The O2 molecule can also be physically adsorbed above the Se vacancy with the
adsorption energy of ∼0.24 eV (where about 0.26 e- transferred from the WSe2 to the O2
molecule), and the barrier energy to be chemically adsorbed at the vacancy site has been
calculated to be between 0.45-0.91 eV depending on calculation methods.[124] This energy
barrier implies that the oxidation of the vacancy site is possible after long-term aging. In
contrast, for the H2 O molecule, DFT simulations suggested that it can only be physically
adsorbed above the Se vacancy site: only 0.05 e- are transferred from the WSe2 to the H2 O
and the adsorption energy is about 0.3 eV.[125]
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Figure 2.5: Raman spectra of (a) 4L (b) 7L (c) 8L and (d) 10L WSe2 flake as-fabricated
compared to the same monolayer flake after 700 hours of atmospheric aging. All flakes
showed no significant shift in peak position.
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Figure 2.6: DFT calculated electronic band structures of the 55 supercell of WSe2
monolayer with (a) no defect, (b) a single selenium vacancy, (c) molecular chemisorption
of an O2 molecule at the vacancy site, and (d) dissociative chemisorption of the O2 molecule
around the vacancy site. All band energies are aligned to the vacuum potential for direct
comparison. The corresponding atomic structure (top and/or side view) is on top of the
band structure.
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Similar results for O2 and H2 O adsorption were calculated for the S vacancy in defective
MoS2 .[126][127] Finally, Figure 2.6d illustrates the band structure for a dissociated O2
molecule where one O atom chemisorbs or isoelectronically fills the Se vacancy, and the
other O atom adsorbs on a neighboring Se. This process has an about ∼0.58 eV activation
barrier,[128] but when overcome, 1.99 e- are transferred from WSe2 and again the gap
state is eliminated. Both the chemically adsorbed molecular O2 and atomic O at the Se
vacancy effectively eliminate the donor level associated with the Se vacancy and thus for
both mechanisms in an extended material one would expect a progressive shift in the Fermi
level towards mid-gap. Interestingly, our calculations also show a downshift in both the
conduction band and valence band energy for the isoelectronic O substitution relative to
the pristine WSe2 . Thus for this mechanism, a further increase in the work function is
realized. Both mechanisms are difficult to confirm because doping level concentrations (<1%)
of selenium vacancies is below the sensitivity limits of standard surface science techniques.
Experimental studies of TMD surfaces and defects have helped elucidate the defect pictures
that emerge for pristine and oxidized TMDs. However, doped WSe2 materials studied with
various surface science techniques, have revealed both p-type and n-type material associated
with excess selenium[129][130][131] and selenium vacancies, respectively, and thus different
materials preparation techniques and even variations on the same exfoliated flake can result
in varying Fermi energy positions.[115]

2.4.2

Mid-Term Aging

Figure 2.7a and 2.7b are transfer characteristics for a vacuum pump-down and venting cycle
for the 3L 300hr aged device,Figure 2.8a and 2.8b are transfer characteristics for a vacuum
pump-down and venting cycle for the 3L 900hr aged device, which is the same device in
Figure 2.3a and 2.3b. As described above, the aged device dominant carrier type in air
has progressed from n-type to p-type. During an initial 20-minute pump-down, similar
to the pristine device, the electron conduction increases significantly (30x), while the hole
conduction is modestly decreased (2.5x). Thus it appears that the short-term H2 O adsorption
on pristine WSe2 with 45 meV binding energy affects the aged devices in a similar way as
the pristine device with a characteristically short time constant (20-minute pump-down)
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Figure 2.7: FET conduction shifts during pump down to vacuum and venting to air in a
300hr ambient aged device. (a) ISD -VGS curves for 7-layer WSe2 FET during pump down
through the first 10-minutes of pump-down. (b) ISD -VGS curves for 7 layer WSe2 FET during
venting through the first 30 minutes of venting.
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associated with the physisorbed H2 O adsorption on the WSe2 surface. Interestingly,
after pumping for two-days, (Figure 2.8b, red), the electron current continues to increase
and eventually exceeds the hole conduction as the cumulative electron on-current increases
a factor of ∼150x, and the cumulative hole conduction decreases a factor of ∼100x. The
3L device measured as a function of air exposure time after a two-day pump-down reveals
that the p-type conduction is only ∼5x higher and the n-type conduction is an order of
magnitude lower compared to the as-fabricated device measured after a two-day pumpdown. Thus the aging mechanism appears to have both a residual/permanent contribution
as well as a reversible contribution, which diminishes over a longer pumping time. We
attribute the long time constant reversible mechanism to physisorbed O2 and H2 O at the
selenium vacancies, which is consistent with the larger adsorption energies (0.24 and 0.30
eV, respectively) calculated by DFT.[125] We attribute the permanent aging component
to the molecular O2 or isoelectronic atomic O chemisorption at selenium vacancies, since
chemisorbed O2 molecules or O atoms are strongly bound (adsorption energies 2.36 eV). As
can be seen in Figure 2.8c, the effect of the two-day pump-down decreases with increasing
thickness, largely because both the short term and long-term aging have a progressively
smaller effect with increasing thickness. The ratio of vacuum to air including the 10L device,
which was aged for a different amount of time, can be found in 2.9a, additionally 2.9b shows
the aging of each device at 900hr compared to the as-fabricated state. Field effect mobility
calculated from VGS [+/-] 65-70 for the 3L and 9L devices are listed in Table 1. The
comparison between an as-fabricated device in air and an as-fabricated device in vacuum
illustrates the effect of a physisorbed layer has on carrier mobility, while the comparison
between an as-fabricated device in vacuum and an aged device in vacuum illustrates the
effect of aging. Consistent with the transfer characteristics, the physisorbed layer does not
have a large effect on p-type carriers, while n-type carrier mobility is significantly reduced.
For the as-fabricated devices, the change in mobility, as expected, is thickness dependent:
namely the 3L electron mobility increased a factor of ∼500 in vacuum, whereas the 9L
only increased a factor of ∼4. Comparing the as-fabricated 3L versus aged 3L sample both
measured in vacuum, the aged electron mobility decreased a factor of 20, whereas the hole
mobility increased a factor of 16.
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Figure 2.9: Ratio plot including the 10L device which was aged different than the 3-9L
devices due to device fabrication occurring the week prior. (a) Ratio of Ion aged to asfabricated for various layer thickness devices in air after 900 hours (3-9L) and 1200hr (10L)
of atmospheric aging. (b) Ratio for various thickness 900-hour aged devices (3-9L) and
1200hr (10L) of ION in vacuum after two-day hold to ION in ambient. The addition of the
10L device illustrates continuation of the layer dependent trends.
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2.4.3

Long-Term Aging

To investigate the long-term aging mechanisms more thoroughly we re-measured the 3layer sample after 3600hrs of aging. Figure 2.10a illustrates the air and 20-minute pumpdown transfer characteristics and 2.10b shows the two-day vacuum hold and subsequent
20-minute venting cycle. Relative to the 900-hour aged measurements, as expected, the air
measurements reveal that the n-type on-current decreases another factor of 17x and the
p-type conduction increases a factor of 2x. As illustrated in figure 2.10c, the short-term
adsorption effects on the n-type (increase) and p-type (decrease) conduction are similar to
the as-fabricated and 900-hour measurements. As shown in Figure 2.10d the ratio of the 20minute to two-day n-type and p-type on-currents reveal an interesting trend. As discussed
earlier, for the as-fabricated sample there is virtually no change in on-currents after the
two-day pump-down; this is consistent with the fact that no long-term aging has occurred.
For both the 300hr and 900hr sample, the n-type and p-type currents both change
significantly comparing the 20-minute and the two-day pump-down as can be seen in
2.11.

This suggests that most of the aging at this point is due to H2 O/O2 -selenium

vacancy physical adsorption, which decreases over the two-day pump-down and reveals
a small residual/permanent contribution attributed to the atomic O or molecular O2
chemisorption at selenium vacancies.

At 3600hrs, the long-time constant contribution

(H2 O/O2 -selenium vacancy physisorption) decreases, and the permanent high-binding
energy chemisorption contribution not impacted by vacuum pump-down (isoelectronic O or
molecular O2 chemisorption of selenium vacancies) increases. Thus the picture emerges that
physical adsorption initially dominates the aging, but at longer aging times these adsorption
complexes either dissociatively react and O fills the Se vacancies or O2 molecularly chemisorbs
at the selenium vacancies.
Combined
The two effects talked about in this paper can be summarized by the on-currents in air versus
vacuum over time as shown in 2.12. 2.12a shows that over time there is a consistent
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Figure 2.10: FET conduction shifts during pump down to vacuum and venting to air
in 3600-hour aged device. (a) ISD -VGS curves for 3-layer 3600-hour aged WSe2 FET during
pump down. (b) ISD -VGS curves for 3-layer 3600-hour aged sample WSe2 FET during venting
after two-day vacuum hold. Ratio of (c) ION in vacuum after two-day hold to ION in air and
(d) ION in vacuum after two-day hold to after 20-minute hold for 3L WSe2 FET device at asfabricated, 300hr atmospheric aged, 900-hour atmospheric aged, and 3600-hour atmospheric
aging time.
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Figure 2.11: Conduction shift over the course of a 2-day vacuum hold. ISD -VGS curves for
a 3L WSe2 FET after 20 minutes in vacuum, then after 2 days in vacuum without venting
at an as-fabricated, 300-hour ambient aged, 900-hour ambient aged, and 3600-hour ambient
aged state. There is no shift in conduction in the as-fabricated state because only the weak
physiosorbed molecules were affecting conduction. At 300-hour and 900-hour, there is a large
shift over time due to adsorbents at selenium vacancies where they have a higher adsorption
energy than on a pristine surface. At 3600-hour, conduction shift over time has reduced to
minimal due to the vacancy adsorbents becoming chemisorbed at the vacancy and is thus
permanent in vacuum.
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Figure 2.12: Long-term ambient aging effects. ION (ISD @ +/- 70VGS ) of (a) n-type and
(b) p-type conduction in air (solid markers) and vacuum (hollow markers) for various layer
WSe2 FETs as a function of atmospheric aging time. The plot shows how n-type conduction
increases in vacuum compared to air while p-type conduction decreases in vacuum compared
to air.
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increase in n-type conduction in vacuum as compared to air due to adsorbents with
layer dependency indicating electron depletion from a set number of layers. The aging effect
from isoelectronic oxygen is present in both air and vacuum n-type conduction with layer
dependency since these defects are irreversible in vacuum and a surface effect. 2.12b shows
there is a non significant change in p-type conduction in air versus vacuum and over time
there is a layer independent increase in p-type conduction due to uniform p-type carrier
doping.

2.4.4

X-ray Photoelectron Spectroscopy

To complement the electrical characterization results (albeit at different aging times), Figure
2.13 shows normalized XPS spectra of an exfoliated flake taken immediately after exfoliation,
and after 500 hours and 2900 hours of atmospheric aging; for the 2900 hr aged sample we also
re-measured the spectra after an overnight pump down. Note that the initial measurements
for each sample was initiated on the order of 20 minutes to an hour after being introduced
into the vacuum so the results are similar to the short vacuum pump down electrical results
(20 minute). It can be seen from the W 4f core-level that there is no evidence of oxidation,
which is consistent with the Raman analysis. We note that dopant level physisorption of
H2 O/O2 species would be below the level of detection of XPS. However, there was an observed
0.85 eV and 1.09 eV shift to lower binding energies for the 500 and 2900 hr aged samples,
respectively. The W 4f7/2 peak shifted from 31.60 eV in the pristine sample to 30.75 eV
and 30.51 eV in the aged samples, and the Se 3d5/2 peak shifted from 53.96 eV to 53.11
and 52.87 eV after aging. This identical shifts in both core-levels to lower binding energies is
indicative of the Fermi level shifting closer to the valence band maximum, which is consistent
with the decrease in n-type and an increase in p-type doping progressing from the pristine
to 500 to 2900 hrs of atmospheric aging. Furthermore, the 2900 hr aged sample was pumped
in ultra-high vacuum overnight and re-measured to confirm that the proposed high-binding
energy O and O2 chemisorption is operative and the Fermi energy shift is stable as expected.

57

Figure 2.13: Se 3d and W 4f spectra of WSe2 flakes on SiO2 after mechanical exfoliation
(pristine) and after atmospheric aging for approximately 500 and 2900 h. The 2900 h aged
sample was also pumped overnight at 10-7 Pa and remeasured. Note that the 0.85 and 1.09
eV shift in the Fermi level toward the valence band for the 500 and 2900 h aged sample,
respectively, consistent to the electrical results.
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2.5

Conclusion

First, we demonstrate the impact that atmospheric physisorbed species have on the
electrical properties of WSe2 n-type and p-type conduction. Vacuum electrical measurements
demonstrate a reversible change consistent with H2 O physisorption on the pristine WSe2
(0.045 eV binding energy), which decreases the n-type conduction. Thinner devices have a
larger change in the n-type conduction than thicker devices. Additionally, we demonstrate
two atmospheric aging mechanisms associated with the selenium vacancies, namely: 1)
H2 O/O2 physisorption, and 2) molecular O2 and isoelectronic O chemisorption.

The

H2 O/O2 physical adsorption (0.3/0.24 eV binding energy, respectively) at selenium vacancies
dominates at short aging times (900hrs) and is reversible at long pump-down times (two-days)
and the molecular O2 and isoelectronic O chemisorption dominates at longer aging times
(3600hrs) and is permanent (2.36 eV binding energies). The latter chemisorption mechanisms
passivate the selenium vacancies and cumulatively shift the Fermi energy toward mid gap
and thus decreases the n-type conduction and increases p-type conduction. As expected
the observed atmospheric and aging effects have a more pronounced effect on thinner flakes.
This work illustrates the importance of understanding the electrical testing environment and
the impact of atmospheric aging on TMD materials.
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Chapter 3
O2 Plasma processed WSe2
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properties of WSe2 via O2 plasma oxidation: towards lateral homojunctions. 2D Materials,
6(4), 045024. Anna N. Hoffman conducted the device fabrication, electrical, and optical
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written through contributions of all authors. The manuscript has been slightly modified to
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3.1

Background

WSe2 belongs to a class of materials called transition metal dichalcogenides (TMDs),
which grow as layers bound together by weak forces with individual layer thickness less
than a nanometer. Research on layered compounds, such as TMDs, boron nitride (BN),
certain oxides, hydroxides and MXenes have become popular research materials after
the demonstration of layered graphene in 2004. [1] Unlike graphene, many TMDs are
semiconductors which possess a bandgap, which make them favorable for many electronic and
optoelectronic applications. Many TMDs, such as WSe2 have thickness dependent properties,
which can be utilized to engineer electrical devices such as field-effect transistors (FETs) with
specific properties; the most notable perhaps is the transition from an indirect band gap in
the bulk to a direct band gap at the monolayer.[15] Carrier concentration and mobility
are also layer dependent, which results in slight shifts in electrical behavior depending on
the flake thickness.[18][132] Thus, when studying TMD properties it is important to study
the behavior over a range of thicknesses; fortunately there are multiple characterization
techniques that can reveal the specific layer number.
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At room temperature, the photoluminescence (PL) spectra of monolayer WSe2 has a
dominant sharp peak centered around 1.65eV from the direct band gap A exciton transition.
[89] [133] A peak at ∼ 400 meV higher in energy but much lower peak intensity (100x)
is also observed associated with the B exciton originating from the spin-orbit split valence
band. The A exciton PL peak intensity decreases ∼ 100x, broadens, and shifts ∼ 50 meV
to lower energy as WSe2 thickness varies from the monolayer to 3 layers. The higher energy
B exciton also shifts concomitantly with the A exciton, which maintains the approximately
400 meV difference between these exciton energies. A second peak from the indirect band
gap transition is evident in 2 layer flakes and has a peak at ∼ 1.5 eV; while the specific
intensity can vary, its energy shifts to ∼ 1.4 eV at 3 layers. The Raman spectrum of a
monolayer WSe2 flake does not have the B12 g peak at 308 cm-1 , which is present in multilayer
samples.[17] The E12 g peak at 250 cm-1 is a maximum in 2 layer flakes. Various TMD
oxidation routes have been explored, mostly on MoS2 , including annealing in atmosphere,
[122][134][135] ozone exposure,[43][60][111] and more recently by oxygen plasma treatments.
[8][110][136] Depending on the process, TMD oxidation has been shown to be self-limiting to
the top layer when performed at low temperatures (∼ <100C).[43][60] Oxidation of a bi-layer
WSe2 revealed that the resultant WO3-x layer is amorphous (a-WO3-x ) and that the a-WO3-x
layer hole-dopes the underlying WSe2 layer.[43] XPS studies of a thin sputtered amorphous
WO3 layer on WSe2 revealed the layer was n-type due to oxygen vacancies and has a high
work function (∼ 6.9 eV); thus a-WO3-x is expected to be a good hole injection layer for
WSe2 . Due to the amorphous structure of the oxide, it does not have a distinct Raman
signature. Thus, the layer dependent indicators of WSe2 described above have been utilized
to determine progressive WSe2 layer oxidation. WSe2 flakes have a clear thickness dependent
color shift from purple at the mono and few layers to blue and then highly reflective at bulk
thickness.[66][132] Example photos with corresponding AFM scans can be found in Figure
1.3. A tungsten oxide monolayer is mostly transparent so optically, a pristine n-layer WSe2
layer flake after single layer oxidation appears like a (n-1)-layer WSe2 layer flake. However,
Yamamoto et al. reported the overall flake thickness increased on the order of ∼2 nm after
single layer oxidation due to ozone exposure.[43] This growth is due to transformation of
the top single WSe2 layer to amorphous WO3 , where the WO3 , layer is less dense and
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thus thicker than a WSe2 monolayer.[43][110][126] Thorough characterization of the WSe2
oxidation has been previously performed via x-ray photoelectron spectroscopy, which can
detect the reduction of W-Se bonding and the addition of W-O bonds via demonstrative W
4f peak shifts.[43][95]

3.2
3.2.1

Methods
Fabrication

WSe2 flakes were mechanically exfoliated with tape onto Si/290 nm SiO2 substrates, which
acts as the back gate dielectric with the silicon wafer acting as the common back gate
electrode. Flakes were identified and optically imaged with an optical microscope equipped
with a Nikon digital camera. Devices were fabricated via electron beam lithography on
samples spin-coated with Poly(methyl methacrylate) (PMMA) on an FEI 600 Nova equipped
with a Raith lithography package. Source drain electrodes of 5 nm Cr, 25 nm Au were
metalized in an electron beam evaporation tool at a rate of 1 Å/s at 2x10-6 Torr and lifted-off
in acetone. Oxygen plasma exposures were performed in an RF oxygen plasma in an Oxford
Atomic Layer Deposition tool. All flakes were exposed at 150o C, set to 150 W, 100 mTorr,
60 sccm and the exposure time varied from 5-60 s as specified in the main text. As illustrated
in several figure inserts, the plasma treatments were exposed to a variety of WSe2 geometries,
namely: a) after metalization where only the channel region was exposed (Figure 3.1,3.10);
b) prior to contact patterning, where the full flake was exposed prior to metalization (Figure
3.12); c) in the contact regions only where the channel layer was patterned with PMMA
to protect the channel during exposure (Figure 3.12); d) p-n junctions were fabricated by
patterning one electrode prior to an O2 plasma exposure to the channel and other electrode
region, with the subsequent electrode patterning step occurring after the plasma treatment
(Figure 3.14).
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3.2.2

Characterization

To characterize our plasma oxidation process initially 1, 2 and 3 layer flakes were exposed
to a series of plasma exposure times and subsequently characterized via optical microscope,
Raman spectroscopy and PL to determine oxidation rate. Raman and photoluminescence
spectroscopy was performed on a Renishaw inVia micro-Raman system using a 532 nm
excitation laser and a 100X objective. Atomic force microscopy (AFM) using an Asylum
AFM was performed on a 3-layer WSe2 flake as received and after a 15 s and 60 s plasma
exposure. X-ray photoelectron spectroscopy (XPS) was measured on a molecular beam
epitaxy (MBE) grown WSe2 on highly oriented pyrolytic graphite (HOPG) samples in the
as-grown, and after a 5 s (single layer oxidation) and 15 s (2-layer oxidation) O2 plasma
treatment; exfoliated flakes were attempted, however the flake density was not adequate for
the XPS measurements. XPS data was collected using monochromatic Al K x-rays (1486.7
eV) at a pass energy of 26 eV in a PHI VersaProbe III UHV system, equipped with an auto
dual-charge neutralizer. A spot size of ∼ 9 m was used. Spectral analysis was carried out
using kolXPD software[115] to fit the features present in the W 4f and Se 3d spectra, and
accurately determine peak positions. All peaks were fit with Voigt line shapes.

3.2.3

Exposure

FETs were fabricated from 6-15 layer WSe2 flakes and exposed to an O2 plasma in 5 second
intervals up to 20 s, where only the WSe2 channel region is exposed. Another set of devices
on various chips were exposed to continuous plasma exposure times of 5, 15, or 25 seconds
prior to lithography so the entire flake was exposed to the plasma. A third set of devices were
exfoliated where the contact region was plasma exposed for 15 seconds prior to the metal
contact deposition (channel region protected during a contact area plasma exposure). For
the final set of devices, the first contact lithographically patterned, and the uncovered of the
flake was exposed to a 15 seconds plasma exposure, then the final electrode was fabricated.
Electrical characterization was performed in a cryogenic vacuum probe system with a 4200
Keithley semiconductor device analyzer and all the data presented here was pumped for a
minimum of 20 minutes prior to measurement to minimize H2O adsorption effects.[137]
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3.3

Discussion

3.3.1

Processing

Figure 3.1 illustrates the transfer characteristic progression of a 7 layer WSe2 flake field effect
transistor (FET) as a function of the cumulative O2 plasma time exposed to the full channel
region. O2 plasma exposures on devices of additional thicknesses can be seen in Figure
3.2. Devices in this set exhibited uncharacteristically high as-fabricated p-type conduction.
[137][93][12] This may be due to insufficient time in the vacuum as H2O adsorption will
decrease the n-type conduction and increase the p-type conduction. [137] As illustrated in
Figure 3.1c, with increased exposure, the n-type current systematically decreases >6 orders
of magnitude with a cumulative exposure time of 20 s. Conversely, the p-type conduction
increases a factor of 10. Both n-type and p-type threshold voltages also shift as noted in
Figure 3.1b. Both n-type and p-type threshold voltages also shift as noted in Figure 3.1b.
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Figure 3.1: Transfer characteristics of a 7 layer device exposed to 5 s intervals of O2 plasma
(cumulative time denoted in the legend); (b) absolute value of threshold voltage as a function
of O2 plasma exposure time and (c) normalized source-drain current at +/-60 V as a function
of O2 plasma exposure
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Figure 3.2: WSe2 transfer characteristics of ∼20L, ∼15L, 11L, and 9L devices exposed to 5s
cyclic periods of O2 plasma to the full channel region after fabrication of contacts. Electrical
impact of progressive oxidation is thickness dependent. Initial oxidation of the second layer
is clear in devices 9 layers and thinner (7 layer device in main text) at 20s while devices 11
layers and thicker do not exhibit the same significant change in electrical behavior after 20s
of exposure due to shielding.
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These trends, are consistent with previous preliminary data done on channel layer plasma
oxidation associated with plasma atomic layer deposition.[23] We hypothesize the effect of
the oxidized single layer WO3-x layer is the addition of a floating top gate, where fixed charge
is accumulated in the WO3-x . This is consistent with previous reports suggesting that WOx
is electrophyllic[60] and thus traps charge and induces a negative top gate.

3.3.2

Rate Study

To correlate the observed electrical changes, the rate of oxidation was determined through
Raman and photoluminescence (PL) spectroscopy by tracking WSe2 layer specific identifiers
discussed in above. Optical imaging of the 3-layer flake, before and after successive plasma
exposures, are presented in Figure 3.3a-e which show a slight color change suggesting the
progressive oxidation of 1 and 2 layers of WSe2 . The Raman maps and spectra show very
clear transition to 2 layers after just 5 seconds of O2 plasma exposure by the increase in the
E1 2g peak while the B1 2g peak is approximately unchanged. 2 layers of WSe2 remain after a
total of 10 seconds of exposure, while the oxidation of the second WSe2 layer begins after a
combined exposure time of 30 seconds of O2 plasma as evidenced by the reduction of both the
E1 2g and B1 2g peak. Due to the amorphous structure of the oxide, the resultant WO3 layer
does not have a distinct Raman signature, which is consistent with. [138] Expanded Raman
spectra illustrated in the Figure 3.4 and Figure 3.5, for a 2 layer and 3 layer exposed flake
respectively, do not have the representative peaks of WO3 at ∼ 712 and 802 cm-1 . [17] [139]
At 60 seconds of total plasma exposure the B1 2g peak is gone indicating only a single layer of
WSe2 remains. The PL spectra for the 1 layer, 2 layer and 3 layer as a function of oxidation
time in Figure 3.3q also confirms the progressive oxidation of 1 layer after 15 s and 2 layers
after 60 s. Consistent with what was described above, the 3 layer as-grown spectrum consists
of an ∼10x lower direct band gap peak that is slightly shifted to lower energy (1.6 eV) and
also has the indirect bandgap peak at ∼ 1.42 eV. The peak at ∼1.5 eV is consistent with
the 2 layer indirect bandgap position, thus this exfoliated flake could have regions of 2 layer
WSe2 . After the 60 s exposure, the PL peak shifts to ∼1.62 eV, which is consistent with
the A exciton direct band gap transition; the peak is broader and the presence of the oxide
layers on top causes a slight redshift of this peak which is typically at 1.65 eV.
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Figure 3.3: Study of WSe2 flakes as a function of increasing O2 plasma exposure. Optical
100x objective images of 3 layer flake (a-e), Raman map of E12 g peak (f-j) and B12 g peak
(k-o) as a function of increasing oxygen exposure. Raman spectra of a 3 layer flake at each
exposure time (p), PL spectra of a 1 layer, 2 layer, and 3 layer flake as a function of O2
plasma exposure (q) and AFM scan of 3L flake as a function of O2 plasma exposure (r).
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Figure 3.4: Full Raman Spectra of exfoliated WSe2 2 layer as a function of O2 plasma
exposure time.
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Figure 3.5: Full Raman Spectra of exfoliated WSe2 3 layer as a function of O2 plasma
exposure time.
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Previous work reports a redshift occurs with electron doping, however a study on the
oxidation of WSe2 reports a similar redshift resulting from hole doping.[43] The PL spectra
of the 2 layer exfoliated flake also confirms the progressive oxidation. Namely, the as-grown
2 layer spectrum has peaks attributable to the direct and indirect band gap at ∼1.5 And
1.62 eV, respectively. After the 15 s O2 plasma exposure, the spectrum is consistent with
the single layer direct band gap position of ∼1.62 eV. After 60 seconds, the PL spectrum
disappears as the second layer is oxidized. Finally, for the single layer WSe2 exfoliated flake,
the as-grown peak PL spectrum has a single peak associated with the direct band gap A
exciton at 1.65 eV. Subsequent exposure to 15 and 60 seconds results in a total quenching
of the WSe2 as the single layer is oxidized. Complementary oxidation studies illustrating
Raman and PL for exfoliated 2 layer and monolayer flakes is shown in Figure 3.6. As
described above, the WO3-x formed by the plasma is suspected to be amorphous, and thus
we detect no Raman peaks other than from Si and WSe2 . While peaks for hexagonal and
monoclinic tungsten oxide have been reported at (712 and 812 cm-1 ) [17] tungsten oxide
formed from XeF2 etching also exhibits no discernible Raman peaks. [138] AFM scans of
an exfoliated 3-layer flake measured before and after a 15 s and an additional 45 s plasma
exposure are shown in Figure 3.3r. Consistent with previous results of WSe2 oxidation
studies, the thickness increases,[43] however, we find a height increase of only ∼1 nm after
the corresponding single layer oxidation and no further height increase after an additional
45 s exposure i.e. double layer oxidation. This difference in height from previous studies
may be due to varying oxidation processes. As demonstrated by the XPS results below, our
WOx layer is has a value x<3; thus our sub-stoichiometric is thinner and perhaps our film
is more dense relative to the ozone oxidation process.[43]

3.3.3

XPS

To confirm the oxidation kinetics from the Raman study, XPS was performed on a pristine
and 5s O2 plasma exposed samples. While exfoliated flakes were attempted, the flake size
and areal density was not adequate. Consequently, MBE grown 3-layer samples were grown
on HOPG for the XPS studies in a UHV system described elsewhere.[140]
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(a) 2 Layer

(b) 1 Layer

Figure 3.6: Raman map and PL study of 2L and 1L. Oxidation of the first layer is clear
after just 5s of O2 plasma exposure. Similar to the electrical cyclic results, the second layer
begins to oxidize after 30 seconds of O2 plasma with 2 layers completely oxidized after 60s
of exposure.
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The oxidation kinetics are much faster in the MBE grown samples compared to exfoliated
single crystal flakes; for instance, oxidation of two layers was observed after a 5s O2 plasma
exposure based on the Raman and PL spectrum shown in supporting info Fig 3.7. Consistent
with previous literature, [82][43][60][8] Figure 3.8 shows XPS spectra of samples after a) 5
s and b) 15 s plasma exposure as well as c) a sample exposed to atmosphere for a week to
emulate the time between the successive XPS measurements. The spectra reveal significant
oxidation from plasma treatment not seen in the similar aged, untreated sample. While
curve fittings of each spectra, shown in Figure 3.9 show a slight increase in the proportion of
W4+ (WO2 ) oxide bonding compared to W6+ (WO3 ) with increased plasma exposure, both
W-oxide peak fractions increase with increasing plasma exposure.

3.3.4

Exposure Geometry

For some architectures, sequential/interval exposures are not an option, so it was necessary to
determine an optimal continuous exposure time to compensate for the brief plasma ignition
times that can accumulate for several iterations. Figure 3.10 plots the transfer characteristics
of various layered FETs (4a) as-fabricated, and after continuous plasma exposures of (4b)
15 s and (4c) 60s. Based on Raman and PL results, 15 s of continuous exposure oxidizes
the top layer of the WSe2 and oxidation of the second layer is initiated. For 60 seconds of
continuous O2 plasma exposure the second layer is fully oxidized. All as-fabricated devices
show the expected n-type behavior with increased on-current in thicker flakes. The n-type
suppression by O2 plasma exposure on the channel is, as expected, layer dependent as shown
in Fig 3.10b. After 15 seconds of continuous plasma exposure the 6 layer and 7 layer flakes
show total n-type suppression, while the n-type conduction in the 11 layer and 15 layer
flakes were minimally suppressed. Figure 3.10d) plots the calculated threshold voltages
for the 15 and 60 s exposures and Figure 3.10e) plots the +/- 60V on-currents. All flake
thicknesses show a large increase in p-type conduction resulting in thicker devices behaving
ambipolar with near equal n- and p-type conduction at the maximum +/- gate voltage, and
9 layer devices and thinner behaving as p-type devices. P-type conduction does not show
a significant layer dependence, each flake yielded a normalized p-type conduction maximum
of ∼10-6 A/µm after the 15 second O2 exposure.
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Figure 3.7: Raman (top row) and PL (bottom row) of MBE grown WSe2 samples. Left
column was exposed to 5s of O2 plasma, right column exposed to 15s of O2 plasma. Samples
as grown were 3 layers. After both 5s and 15s of exposure the B12 g peak at 308cm-1 disappears
indicating only on2 layer of WSe2 is left and the top two layers had oxidized. PL after
oxidation supports raman, a single peak at ∼1.62.
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Figure 3.8: X-ray photoelectron spectra of MBE grown WSe2 .
characterize as grown, 5s, and 15s O2 plasma treated samples.

The three spectra

Figure 3.9: Curve fit of XPS data. Both W-O bonding peaks increase from 5s to 15s of
exposure indicating a higher amount of oxide compared to WSe2 . Additionally, the ratio of
W4+ to W6+ increases indicating with more exposure the overall stoichiometry of the oxide
is shifting from WO3 toward WO2
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Figure 3.10: WSe2 Layer-dependent O2 plasma exposure study. (a) As-fabricated transfer
curves for 6 layer, 7 layer, 8 layer, 9 layer, 11 layer, and 15 layer WSe2 devices (b) transfer
curves of same devices after 15s O2 plasma exposure on the channel (c) and after 60s O2
plasma exposure.
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As mentioned above, the WO3-x layer appears to contain a fixed negative charge density,
which shifts the threshold voltage. Calculated threshold voltages for each set of devices and
the ISD at +/-VG =60 V are listed in Figure 3.11. Thus the n-type conduction decreases
and the p-type conduction increases. After 60s of exposure, n-type behavior of all devices is
further suppressed, the 8 layer device is no longer n-type conducting. Additionally, we see
some p-type suppression in the thinner flakes suggesting the exposure has started to cause
damage to these flakes reducing overall conduction. Thus, the optimal O2 exposure time for
the thinner exfoliated flakes in particular is 15 s of O2 plasma.

3.3.5

pn junction

Figure 3.3a illustrates the transfer characteristics for various flake thickness where a plasma
exposure was performed in the electrode region to enhance the hole injection properties of
a transition oxide contact layer, as WO3-x is reported to have a high electron affinity and
ionization potential. [43][95] The contact region was lithographically patterned and prior to
metal deposition the sample was exposed to s 15 second O2 plasma treatment. Comparing an
as-fabricated (Figure 3.10a) and contact region exposed sample, there is very little effect on
n-type conduction and the threshold voltage remains relatively unchanged as listed in Figure
3.11. As expected, there is an enhancement of p-type conduction by approximately 2 orders
of magnitude. Full flake exposure devices were fabricated by oxidizing samples prior to any
lithography. Transfer characteristics after a 15s exposure to the entire flake as a function
of the layer thickness is illustrated in figure 3.12b. The electrical results of this geometry
does not have the expected p-type conduction consistent with the other exposure geometries.
We speculate that the continuous WO3-x layer is n-type due to oxygen vacancies and thus in
contrast to the channel-only exposures where the WO3-x layer floats and accumulates charge,
a continuous path from source-to-drain exists in these devices. The parallel conduction path
through the WO3-x layer exists which apparently has a lower threshold voltage; for instance
we note that there is an ∼ 2-4 order of magnitude increase in the -30 V gate bias conduction
compared to the full channel exposure devices.
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(a) caption

(b) Caption

Figure 3.11: Threshold voltage of 15s electrode region and full flake exposed devices
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Figure 3.12: Transfer curves of various thickness WSe2 flakes exposed to 15 s O2 plasma.
(a) Only the contact metalization regions are exposed [channel region masked] and (b) the
entire flake is exposed [both channel and contact metalization region are exposed].
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The maximum n-type on-current in the n-layer devices is similar to n-1 layer on-currents
in figure 3.10a, which suggests at higher positive gate voltage the n-type characteristics
follow WSe2 layer dependence where 1 layer has been converted to the WO3-x . Based on
the results, we surmised that p-n junctions could be formed via various plasma exposure
geometries. While the optimum geometry was anticipated to be a device where one half
of the flake was plasma exposed (electrode and channel region), very little rectification was
observed in this device which can be seen in Figure 3.13. Subsequently, we explored a
geometry where the plasma was exposed to the entire channel and under one electrode. The
fabrication process of this back gated p-n junction is illustrated in Fig 3.14a-h, where the
first electrode is patterned and deposited on an exfoliated flake and then device is exposed
to oxygen plasma for 15 seconds. The second electrode is then patterned on top of the oxide
layer. The electrode on the as-exfoliated WSe2 serves as the p-type side of the junction
as this contact region allows hole injection and the oxidized channel region supports the
hole conduction. The oxide layer/contact region blocks hole injection and allows electron
injection, however the oxidized channel region depletes electrons, thus the junction forms at
the oxide layer contact region noted in Figure 3.14h. This device was fabricated with flakes
of various thicknesses from 3 to 20 layers thick. Conduction was suppressed below 8 layers
and relatively unaffected above 14 layers. Additional devices from flakes other than the 11
layer can seen in Figure 3.15. All devices showed various levels of rectification in transfer
characteristics when source drain voltage was reversed, shown in Figure 3.14i. Figure 3.14j
demonstrates the output curve at VGS = -20V for the 11 layer device. In forward bias, when
the n-type contact on the oxide layer acts as the source and the p-type contact acts as the
drain, conduction reaches an on-current of 10-8 A while in reverse bias current is restricted
to 7-11 A. This effect is clearly displayed in Figure 3.14j by the output curve of this 11 layer
device held at a constant -20V gate bias and swept through source-drain bias from -2V to
2V. The rectifying ratio of this device at this gate voltage is ∼330. The ratio of other mid
range flake thicknesses at various gate voltages is plotted in Figure 3.14k along with the
on-current at that point on the second x-axis. Rectification ratio of all devices fabricated
are plotted in Figure 3.16.
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Figure 3.13: Conduction curves of 1/2 flake p-n devices. Slight rectifying behavior evident
in hole conduction but electron conduction is unaffected by source drain bias direction.
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Figure 3.14: Cross-section view schematic (a-d) and optical images (e-h) of p-n
homojunction fabrication process. (i) 11 layer p-n junction transfer curves under forward
(2V) and reverse (-2V) bias and (j) output curve of 11 layer device at -20 VGS bias. (k)
Rectification ratio (left axis) of various layered p-n devices as a function of VGS with
associated forward bias (VSD = 2V) source-drain current (right axis) (g).
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Figure 3.15: Raman map and PL study of 2L and 1L. Oxidation of the first layer is clear
after just 5s of O2 plasma exposure. Similar to the electrical cyclic results, the second layer
begins to oxidize after 30 seconds of O2 plasma with 2 layers completely oxidized after 60s
of exposure.
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Figure 3.16: Rectification of 3/4 p-n devices. Largest rectifying behavior occurs at low
negative gate voltage in 9 to 12 layer flakes. Thinner than this and overall conduction has
been reduced due to the oxide, thicker and the oxide does not have significant impact on
conduction due to shielding.
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3.3.6

Conclusion

In this work we explore the electrical impact of oxygen plasma exposure on WSe2 . The
presence of amorphous tungsten oxide is identified through XPS, Raman, PL, and AFM
techniques. The rate of layer by layer oxidation is determined through a systematic Raman
study. This rate is implemented in various exposure geometries of WSe2 based FETs. First,
a cyclic exposure study on the channel region is performed and found to increase p-type
conduction while suppressing n-type conduction especially when the top 2 layers of the flake
are oxidized. Second, the region under the electrode is exposed which results in suppressed ptype conduction and an insignificant change in n-type conduction, suggesting the oxide does
not act as a hole tunneling layer as previously reported. Next, the entire flake was exposed
to O2 plasma which caused extreme suppression of p-type conduction and layer dependent
suppression of n-type conduction. When these three geometries are considered together, the
n-type effect of plasma exposure on the whole flake, it correlates with the combination of the
channel exposure and electrode exposure effect. However, the p-type effect of plasma does
not and highlights an additional term, the effect of the interaction within the WO3-x layer
across the FET. Using these results, an optimized pn junction was fabricated by exposing
the entire channel and under one electrode. This pn junction displayed a rectifying ratio of
333 at -20VGS which is consistent with other TMD lateral homojunctions.[141]
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Chapter 4
PdSe2
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A version of this chapter was originally published by Anna N. Hoffman, Yiyi Gu, Justin
Tokash, Jonathan Woodward, Kai Xiao, and Philip D. Rack: Hoffman, A. N.; Gu, Y.;
Tokash, J.; Woodward, J.; Xiao, K.; Rack, P. D. Exploring the Air Stability of PdSe2 via
Electrical Transport Measurements and Defect Calculations. npj 2D Mater. and Applic.
2019 PDR conceived of the experimental plan and managed the project. ANH performed
the device fabrication and electrical characterization. YG and KX grew PdSe2 thin film
crystals; YG performed AFM measurements; ANH with assistance from Jonathan Woodward
and Harry Meyer performed XPS measurements; LL and BGS did the DFT measurements;
JF developed residence time plots. The manuscript was written through contributions of all
authors. The manuscript has been slightly modified to include the supplemental material.

4.1

Background

The discovery of atomically thin graphene in 2004 by Novoselov et. al. was the catalyst of
the 2D materials revolution.[1] In layered materials such as graphene, boron nitride (BN),
hexagonal black phosphorous (BP), and certain oxides and transition metal dichalcogenides
(TMDs), weak Van der Waals forces uniquely keep layers bound together,[8] thus preparation
of atomically thin layers is relatively straight forward via exfoliation from bulk crystals
[65][36][66] or thin film growth. [29][52] Due to its chemical structure, each TMD monolayer
has an atomically pristine surface free of dangling bonds and interface traps,[12] which pose
a significant issue for silicon and other semiconductor based materials.[13] This allows for
vertical scaling in advanced device fabrication with straightforward electrostatics. Processing
techniques such as defect engineering,[142] laser irradiation,[143] and plasma exposure
[144][145] have been utilized to control material properties and engineer devices with finely
tuned properties. Most layered 2D materials have a hexagonal coordination, which promotes
atomically flat layers. Recently, 2D materials which have atoms protruding out-of-plane in
a regular corrugated manner, or interlayer puckering, have become a focus of research due
to their interesting properties and added degree of freedom. Puckering has been observed in
hexagonal BP among other 2D materials,[146] however air stability has been an ongoing
challenge.

Palladium diselenide (PdSe2 )has recently been identified as a puckered 2D
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material, with the additional benefit of a low-symmetry pentagonal structure.[147][148][149]
Structurally, each layer is identical, but there are significant changes in electrical and optical
behavior as these layers stack due to changes in symmetry and quantum confinement.[14][15]
Additionally, PdSe2 is anticipated to be electrically anisotropic; mobility should vary
depending on the crystal axis. The most notable and studied layer thickness dependent effect
is the transition from an indirect band gap in some bulk TMD materials to a direct band gap
in their monolayer counterpart. [14][6] The MoS2 band gap, for instance, varies from ∼1.2
eV in the bulk to ∼1.9 eV at the monolayer, while PdSe2 varies from no gap (metallic) to 1.3
eV allowing for unique band gap control. For example, this offers a promising path to logic
junction devices processed in a single material by patterning various regions with thicker
(contact and resistors) and thinner (semiconductor) regions. While some report PdSe2 to be
intrinsically ambipolar,[148] as will be demonstrated, we tentatively attribute this behavior
to adsorption at surface chalcogen vacancies and find PdSe2 to be intrinsically n-type due
to selenium vacancies. Due to high surface to volume ratio, optoelectronic properties can
be dramatically impacted by atmospheric surface adsorbents in 2d materials with strong
layer number dependence.[137][102][101] For this reason it is essential to understand impact
that exposure to ambient which is often unavoidable during fabrication and characterization
processes have on the electrical properties. Electrical effects of ambient adsorbents and aging
have been studied for MoS2 [8][102][110][82][111][112][107] and WSe2 .[137] Studies on MoS2
suggest that ambient molecules preferentially adsorb to chalcogen surface vacancies and act
as both electron traps and p-type donors.[114] While there is not a consensus on which specific
adsorbents contribute to electron suppression and hole doping, most agree oxygen produces
the greatest effect. The effects of water adsorption and long term aging in WSe2 was recently
studied and the enhanced p-type conductivity and n-type suppression was associated with
electron transfer to adsorbed water molecules and a reduction of the selenium vacancies,
respectively.[137] Furthermore, selenides have been shown to be more affected by adsorbed
atmospheric species and oxidation effects than sulfides.[148][113] Previous studies on 2d
materials report significant electrical behavior variation after a vacuum or inert atmosphere
anneal to drive off adsorbed species such as oxygen and water.[146][148][150] Bartolomeo et
al., recently explored the effects of external stimuli such as pressure, and optical and electron
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irradiation on the electrical properties of exfoliated thick (∼25 layer) PdSe2 field effect
transistors.[151] Notably they observed a transition from strongly p-type at atmospheric
pressure to ambipolar behavior when pumped to ∼ 1x10-6 Torr. In this work we explore
the effects of short term (90 minutes) ambient exposures and long term (∼1000 hours)
ambient aging and compare atmospheric ambient pressure versus vacuum (∼ 1x10-5 Torr)
on the electrical properties of chemical vapor deposition (CVD) grown multilayer PdSe2 ;
furthermore, we investigate the potential to reverse aging effects through annealing in an
inert environment. To rationalize the observed electrical property changes, density functional
theory (DFT) calculations of adsorbed H2O, O2 and O on pristine and Se vacancies in single
and multilayer PdSe2 are also performed.

4.2
4.2.1

Methods
Growth

The PdSe2 flakes were synthesized by chemical vapor deposition (CVD) method in a one
inch tube furnace. The reaction was carried out at atmospheric pressure with Ar as carrier
gas. 20 mg Pd powder (99.95 %, APS 0.35-0.8 micron, Alfa Aesar) was placed in the heating
center of the furnace and 1.5 g Se powder (99.9 %, Alfa Aesar) was spread on a quartz in
the tube. The 300 nm SiO2 /Si substrate was located on the downstream side. The furnace
was ramped up to 800 ◦ C within 20 min and kept for 10-20 min under an argon gas flow
rate of 50-150 sccm (standard cubic centimeter per minute). The heating belt controller was
set as 350 ◦ C and turned on when the furnace was ramped to 600 ◦ C. It took approximately
2 min for the heating belt to reach 350 ◦ C. The vapor-phase reactants were transported by
the flowing argon gas to the growth region, in which the temperature was around 500 ◦ C to
600◦ C, thereby feeding the growth of 2D PdSe2 crystals on SiO2 /Si substrate.

4.2.2

Fabrication

Devices were fabricated via electron beam lithography utilizing spin coated Poly(methyl
methacrylate) (PMMA) positive resist.

Exposure was performed on an FEI 600 Nova
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equipped with a Raith lithography package. 5nm Cr/25nm Au electrodes were electron
beam evaporated at 3x10-6 Torr with a 0.6 /s deposition rate. The pattern was generated
by lift off in an acetone bath.

4.2.3

Characterization

Devices were measured in a cryogenic vacuum probe system with a 4200 Keithley
semiconductor device analyzer. To study the effect of low temperature annealing, anneals
were performed in a nitrogen glove box on a hot plate pre heated to 177 ◦ C for 12 minutes.
Samples were typically measured in air, after ∼ 20 minutes and 72 hour in a ∼ 1x105 Torr vacuum, and then in air after the 72 hour pump down.

X-ray photoemission

spectroscopy measurements were performed in a Thermo Scientific XPS tool with in-situ
annealing capabilities.

4.2.4

Theoretical Calculations

Plane-wave density functional theory (DFT) package VASP[116] was used for first-principles
calculations with the projector-augmented-wave (PAW) pseudopotentials and the PerdewBurke-Ernzerhof (PBE) exchange-correlation functional.[117] In addition, we adopted the
van der Waals (vdW) density functional method optPBE-vdW to describe the vdW
interactions.[147][152][153] To model the PdSe2 surface, single-layer and six-layer PdSe2
structures were built by a periodic slab geometry, where a vacuum separation of about 21
in the out-of-plane direction was used to avoid spurious interactions with periodic images.
The cutoff energy was set at 400 eV, and a 12121 k-point sampling was used. All atoms were
relaxed until the residual forces were below 0.02 eV/, and in-plane lattice constants were also
optimized using the method of fixing the total volume (i.e., ISIF = 4 in VASP).[147][153]
Then 441 supercell structures of single-layer and six-layer PdSe2 were constructed with a
single Se vacancy introduced on the surface to study the adsorption of O2 , O and H2 O, where
the k-point sampling was reduced to 221. All the atoms were relaxed until the residual forces
below 0.02 eV/.
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4.3

Results and Discussion

To investigate the short term ambient exposure effects on the electrical behavior of PdSe2 a 7
layer FET device was fabricated. Figure 4.1a shows an atomic force micrograph and Figure
4.1b illustrated a schematic of an as-fabricated device. As has been shown previously, PdSe2
FETs annealed at 177◦ C in inert gas anneal show a strong decrease in p-type conduction,
increased n-type conduction, and a negative threshold voltage shift.[148] To confirm this
phenomena and investigate the stability of this treatment, Figure 4.1c shows the transfer
characteristics of a PdSe2 device measured in air before a 177◦ C anneal and the subsequent
characteristics measured in air as a function of time after the anneal. We observe the reported
strong n-type increase, p-type decrease, and negative threshold voltage shift, however over
a short ambient exposure time there is a strong increase in the p-type conduction, a gradual
decrease in the n-type conduction, and a strong positive threshold voltage shift toward
the pre anneal levels. It should be noted that there is an approximately 5-minute delay
between the anneal and the first air measurement reported below; thus, there is likely
some atmospheric exposure effects convoluted in the initial measurement. To investigate
the effect of ambient pressure on the electrical properties, Figure 4.1c illustrates a series
transfer characteristics of another PdSe2 device measured after the 177◦ C anneal at various
times during an ∼ 22-hour ∼1x10-5 Torr vacuum exposure. Figure 4.1b and c, both show
the annealed samples have a dominant n-type conduction. During the vacuum exposure
there is a small decrease in the p-type conduction, however at the longer exposure time,
p-type conduction approaches the original value. Thus this short term effect (¡20 minutes)
could be due to trapped charge injection in the underlying SiO2 layer caused during the
repetitive forward sweep measurement from -60VGS to +60VGS.[151] The n-type conduction
increases over the first 20 minutes and remains nearly constant over the next ∼22 hours.
Overall, comparing Figure 4.1b and c, the aging is arrested in vacuum relative to the more
dramatic degradation observed in the atmospheric exposure. Conversely, Bartolomeo et
al., report strong pressure-dependent conduction in bulk-like exfoliated crystals where they
observed reversible enhanced p-type conduction at atmospheric pressure and enhanced ntype conduction after an extended (10 hour) high-vacuum exposure.[151]
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Figure 4.1: (a) atomic force micrograph of 7 layer PdSe2 device (b) schematic of all devices
used in this work (c) shows the transfer characteristics of the as-fabricated device and the
subsequent characteristics measured as a function of time after a 177oC -12 minute anneal.
(d) shows a series transfer characteristics of a PdSe2 FET measured after the 177 oC -12
min anneal and during various times throughout a 22-hour, 1x10-5 Torr vacuum exposure
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Thus, the result is a bit surprising as it was recently demonstrated in WSe2 , thinner
flakes were more susceptible to pressure effects than bulk-like flakes. Subsequent to the
initial short time exposure a 6 layer sample was fabricated, annealed and measured and then
placed in air ambient and tested after 6, 60, 160, 430 and 840 hours of ambient aging. At each
aging time, the sample was measured in air, and then measured in vacuum after a 72 hour
vacuum exposure. Figure 4.2a illustrates the n-type transfer characteristics measured in air
immediately after the anneal which we assume to be the pristine (time t=0) characteristics.
Figure 4.2a also shows the transfer characteristics of a 6 and 840 hour aged sample measured
in air and after the 72 hour vacuum exposure. The 6 hours of ambient aging clearly suppresses
the n-type conduction and significantly increases the p-type conduction. After the 72 hour
vacuum exposure, the n-type conduction increases by a factor of ∼4, and the change in
p-type conduction is negligible. After 840 hours of ambient aging the device is purely ptype as all n-type conduction has been suppressed in our gate voltage range. However,
after the 72 hour vacuum exposure some n-type conduction is recovered. Figure 4.2b and c
are plots of the n- and p-type current at +/-60V gate bias versus atmospheric aging time,
respectively, measured in air and after the 72 hour vacuum exposure (See Figure 4.3 for
full transfer characteristics). We observe a very clear increase in the p-type conduction and
decrease in the n-type conduction over this ambient aging time. Comparing the air and 72
hour vacuum exposure measurements, we observe that the change in p-type conduction is
negligible (decreases by an average factor of 1.3) and the n-type conduction increases more
significantly. For instance, the n-type conduction over the first 160 hours increases by on
average factor of ∼5; at 430 and 840 hours the device displays only p-type conduction in
air; however, as shown in Figure 4.2a, the n-type conduction is recovered after the vacuum
exposure. Thus, the atmospheric aging appears to have a component that is reversible via
the room temperature vacuum exposure. There was ∼20 minutes of time in air between
each air measurement and when the device was pumped down into vacuum. At aging times
6 hours and longer, we deem this time insignificant however, at t=0 this ambient exposure
is significant so we have not included the vacuum data point for the pristine state device.
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Figure 4.2: (a) illustrates the n-type transfer characteristics measured in air immediately
after the anneal which we assume to be the pristine (time t=0) characteristics. (b) and (c)
plot the n- and p-type current at +-60V gate voltage, respectively, versus time in air and
after the 72 hour vacuum exposure measurements.
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Figure 4.3: No anneal sample full transfer characteristics over time in main environments
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A complimentary 6 layer PdSe2 FET was fabricated and aged along with the sample
described above, however this sample was re-annealed prior to each measurement. Figure
4.4a shows the transfer characteristics of this sample measured in air immediately after each
anneal. Clearly the modest aging experienced up to 160 hours is largely reversible by the
anneal, however some residual degradation to the n-type conduction and enhancement in the
p-type conduction remains. Beyond the 160 hour measurement, both the n-type and p-type
conduction decreases; thus another aging mechanism emerges between the 160 and 430 hour
aging, which is consistent with the dramatic change in the n-type conduction at 430 hours
in Figure 4.2.
X-ray photoelectron spectroscopy spectra were taken on a pristine PdSe2 sample, samples
that were aged in atmosphere for ∼120 and ∼1000 hours, and for reference a PdSe2 sample
that was exposed to a 15 s inductively coupled oxygen plasma exposure. Figure 4.5 illustrates
the 3d spin orbit split 5/2 and 3/2 peaks for 3a, Se and 3b, Pd. Kibis et al. recently studied
the thermal and plasma oxidation of Pd metal and showed that metallic Pd has a 3d 5/2 peak
at 335.2 eV, and the typical PdO (Pd+2 ) peak is at 337 eV. Furthermore, the metastable
PdO2 (Pd+4 ) exhibit a 3d 5/2 peak at 338.2 eV. The pristine PdSe2 (Pd+4 ) peak positions
of the Pd 3d 5/2 peak is 337.4 eV. The pristine peak is slightly shifted to lower binding
energy relative to PdO2 , which is consistent with Se having a lower electronegativity than O
and thus forming a less ionic bond. The ∼120 hour aged sample has a small Se-O shoulder
emerge at ∼ 59 eV and all the peaks are shifted ∼ 0.2 eV to lower energy. The peak shift is
consistent with a Fermi energy shift to toward the valence band and thus consistent with the
observed emergence of the p-type conduction. At ∼1000 hours, the S-O peak is still evident,
however even more pronounced is the emergence of the Pd-O2 peak at ∼338 eV. The Pd and
Se peaks are shifted ∼0.4 eV to higher energy relative to the pristine sample, which is again
consistent with electrical results which show increased p-type behavior at longer ambient
aging times. To confirm the peak position of the PdO2 peak, we exposed a PdSe2 sample
to an oxygen plasma under similar conditions that were found to oxidize a single layer of
WSe2 . Consistent with Kibis et al, the PdO2 3d peaks are shifted ∼ 0.2 eV to lower energy
compared to the PdO2 3d peak from the long term ambient aged sample.[154][155]
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Figure 4.4: Transfer characteristics of a 6 layer PdSe2 FET measured immediately in air
after a 177 ◦ C 12 minute anneal after listed total ambient aging times
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Figure 4.5: 3d spin orbit split 5/2 and 3/2 peaks for a) Pd and b) Se
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Kibis et al found the PdO2 oxide from both oxidation methods had low thermal stability
over 127 ◦ C so to support the claim that PdO2 is forming as PdSe2 samples age in ambient,
the ∼1000 hour aged sample was treated with a 177 ◦ C 12 minute anneal in situ and measured
again. Figure 4.5 shows after the anneal the oxide peaks are no longer evident. There is
a small peak at 347.5 eV which is identified as an energy loss peak.[156] To understand
the observed change in the PdSe2 electrical properties in response to the annealing process
during the atmospheric aging and vacuum exposures, Table 1 summarizes density functional
theory (DFT) calculations for adsorbed H2O and O2 on pristine single and 6 layer PdSe2
as well as several physi- and chemisorbed species at Se vacancies. Figure 4.6 compares the
associated band structure calculations for the various defect complexes in 6 layer PdSe2 .
Similar calculations for 1 layer PdSe2 can be found in Figure 4.7. Note that the band gap
reduction from 1 layer (∼1.35 eV) to 6 layers (∼0.25 eV) is slightly overestimated relative
to experimentally determined optical band gaps.[147]
Interestingly, while the O2 and H2O physisorbed binding energies and electron transfer
per adsorbed molecule are higher on pristine PdSe2 than for instance WSe2 , as shown in
Figure 4.1c, the electrical characteristics of the annealed device is relatively stable after
the short air exposure and subsequent 22-hour vacuum exposure.

The change in the

PdSe2 electrical properties to ambient air exposure demonstrated in Figure 4.1b is thus not
attributed to O2 or H2O physisorption, which presumably has no energy barrier and would
much more rapidly upon exposure to ambient. Furthermore, due to the low physisorption
binding energies the electrical behavior would be reversible on a much faster time scale than
the experimental room temperature vacuum measurements (see residence time plots for O2
and H2O physisorption in Figure 4.8). Physisorption of H2O to Se vacancies has a higher
binding energy, however, Figure 4.6d shows that for the 6 layer PdSe2 , only one of the Se
donor levels is degenerate with the conduction band, thus only a modest Fermi energy shift
is expected from this defect complex. Furthermore, this binding energy is also low and thus
rapidly desorbed in vacuum, so the relative stability in a room temperature vacuum exposure
suggests this defect is not responsible for the observed ambient exposure aging (see H2O-Se
vacancy residence time plot in Figure 4.8).
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Figure 4.6: DFT-calculated electronic band structures of the 44 supercell of six-layer PdSe2
with (a) no defect, (b) a single selenium vacancy, (c) chemisorption of an O2 molecule at
the vacancy site, (d) chemisorption of an O atom at the vacancy site, and (e) physisorption
of a H2O molecule at the vacancy site. The Fermi level is set at 0 eV, and the in-gap defect
bands are highlighted in red colors. The corresponding atomic structure (top and/or side
view) is on top of the band structure. Note that only the topmost surface layer of PdSe2 is
illustrated here to highlight the interface between the surface and the adsorbates.
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Figure 4.7: DFT-calculated electronic band structures of the 44 supercell of single-layer
PdSe2 with (a) no defect, (b) a single selenium vacancy, (c) chemisorption of an O2 molecule
at the vacancy site, (d) chemisorption of an O atom at the vacancy site, and (e) physisorption
of a H2O molecule at the vacancy site. The Fermi level is set at 0 eV, and the in-gap defect
bands are highlighted in red colors. The corresponding atomic structure (top and/or side
view) is on top of the band structure.

Figure 4.8: Temperature dependent residence time plots for molecules with binding energies
of (a) 130meV (b) 640meV (c) 1100meV (d) 1300meV (e) 1610meV
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To estimate the activation energies associated with the observed electrical changes, we
correlate the short ambient aging time constant to a simple activated chemisorption process.
The estimated time (τ R) associated with for the n-type conduction to reduce to 1/e (36%)
is approximately 10 minutes and thus the activation energy can be estimated by τ R =τ o
exp(Ea /kT); where τ o is the vibration frequency of the physisorbed species ( 1013/s), Ea is
activation energy, k is Boltzmanns constant, and T is temperature. From this expression, an
activation energy of ∼ 0.94 eV can be estimated. Furthermore, one can estimate the binding
energy of this chemisorbed state by comparing the change in n-type current after the 72-hour
vacuum exposure by simple first order desorption kinetics: dC/dt = 1/τ des C 0 exp(t/τ des ),
where C is concentration, t is time, τ des is the desorption residence time, and C0 is the
concentration at t=0. The estimated binding energy associated with the room temperature
change in n-type conduction is 1.07 eV. Comparing these values to the calculated DFT
results suggests that the electrical property changes in response to short term ambient
air exposure can be attributed to an activated chemisorption of O2 at Se vacancies. As
demonstrated in Table 4.1 and Figure 4.6c, molecular O2 can chemisorb to unsaturated Pd
atoms since the O=O double bond can transit to a single bond. While the O2 molecular
chemisorption leaves a defect level near the conduction band edge in single layer PdSe2 as
shown in Figure 4.6, both Se vacancy levels are degenerate with the conduction band in
the 6 layer material. DFT calculations of the barrier energy associated with the activated
chemisorption of physisorbed O2 to chemisorbed O2 at the VSe was determined to be about
0.85 eV, which is in good agreement with the estimated value from the time constant of
0.94 eV. The calculated binding energy for the 6 layer chemisorbed O2 molecule at the
Se vacancy is 1.61eV for the most stable adsorption configuration. The observed room
temperature vacuum recovery, however, suggests a slightly lower binding energy of ∼1.07
eV; DFT calculations of chemisorbed O2 molecule rotated 90 degrees yields a slightly lower
binding energy of 1.30 eV. This suggests that the computed binding energy of chemisorbed
O2 molecule at the VSe can vary from 1.30 to 1.61 eV depending on the initial orientation
of O2 molecule. In the lower energy case, the reversibility of this short term ambient aging
when annealed at 177◦ C for 12 minutes is expected, see 177◦ C residence times for 1.1, 1.3
and 1.61 eV in Figure 4.8 and is experimentally observed in Figure 4.5.
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The long term aging associated with ¿160 hour ambient exposure is attributed to a
dissociative adsorption/reaction of the O2 molecules to atomic O and subsequent PdO2
formation, as evidenced by the emergence of PdO2 in the XPS spectra of a ∼ 1000 hour
aged sample at ∼338eV.[154][155] PdO2 formed by plasma oxidation of Pd was found to have
low thermal stability ¿127◦ C,[155] thus should sublime during the 177◦ C anneal resulting in
damaged surface layer(s) and reduced electron mobility, as seen in the 430 and 840 hour
transfer characteristics of Figure 4.4. To test this, the ∼ 1000 hour aged sample was
annealed in situ to emulate the device anneal and the XPS spectra re-measured; clearly
as demonstrated in Figure 4.5, after the anneal the PdO2 peaks are gone in agreement
with PdO2 sublimation. An alternative pathway for the dissociation of the molecular O2
chemisorbed at the Se (PdSeO2 ) vacancy is the formation of atomic oxygen bound to the
Se vacancy. The calcualted binding energy of this defect complex in 6L PdSe2 is much
higher (1.99 eV), and therefore contrary to experiment, this complex would be stable to the
prescribed anneal and thus not believed to be operative. Finally, comparing the ¿ 160 hour
aged device in Figure 4.2, the PdO2 formation continues to enhance the p-type conduction.
This behavior is similar to the formation of WO3 on WSe2 [145], where the WO3 layer is
electrophilic and traps the donor electrons in the near surface layer region.
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Table 4.1: Binding energies and charge transfers
Site

H2 O
Binding
Charge
Energy
Transfer
(eV)
(e- )
1L
0.13 0.15
1L VSe
0.48 0.51
0.64 0.46
6L VSe

O2
Binding
Charge
Energy
Transfer
(eV)
(e- )
0.10 0.06
1.61 1.09
1.61 1.11
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O
Binding
Charge
Energy
Transfer
(eV)
(e- )
2.10
1.99

0.87
0.75

The apparent low temperature volatility of the PdO2 is also consistent with the
measurement after the 72 hour vacuum exposure, where the purely p-type air measurement
recovers only some residual n-type behavior.
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